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Forest reliant species may be significantly impacted by forest management practices. 
Understanding these impacts, and whether they are positive or negative, requires a species-
specific understanding of habitat use. Bicknell’s thrush (Catharus bicknelli) is a range-restricted 
habitat specialist occurring in balsam fir (Abies balsamea) dominated montane forests that have 
been recently disturbed and are undergoing successional growth. While research investigating 
this species’ habitat use has been conducted throughout much of its breeding range, knowledge 
of Bicknell’s thrush habitat use in Maine is lacking. Greater understanding of habitat use in 
Maine would improve the ability of forest managers to promote conservation of habitat for this 
species of concern. We documented the use of a method for tracking small songbirds in a 
landscape disadvantageous to using very-high-frequency (VHF) telemetry. Given that the habitat 
Bicknell’s thrushes occupy is often characterized by rugged terrain and dense forest conditions, 
efforts to effectively track this species to estimate home-ranges and evaluate habitat use may be 
confounded. To ameliorate this, we explored the use of a combination tag with a global 
positioning system (GPS) and VHF component. All things considered, GPS+VHF telemetry was 
less expensive than VHF telemetry. However, VHF telemetry via triangulation was more 
 
 
accurate than GPS telemetry by 15.09 m. GPS+VHF tags provided greater spatial coverage by 
collecting data in areas we were otherwise unable to use VHF telemetry effectively. We 
conclude that GPS+VHF tags offer a feasible alternative to VHF telemetry in densely forested, 
rugged field conditions. We discuss the potential advantages and disadvantages to VHF- and 
GPS- based telemetry and make recommendations to researchers interested in employing these 
methods on small songbirds. We suggest that researchers consider the use of a GPS+VHF tag 
attached with a weak link leg-loop harness. We also recommend that while researchers should 
rely on the GPS component of the tag for the majority of their data, we also encourage 
researchers to continue to track individuals using the VHF tag component when study objectives 
deem it necessary. 
We also captured and tracked 24 Bicknell’s thrushes during 2018-2019 in a harvested and 
non-harvested study area in Maine, USA, and evaluated the influence of forest structure and 
composition on habitat selection. At the landscape level, Bicknell’s thrushes demonstrated 
avoidance of tall canopy heights and a large proportion of hardwood tree. At the home-range 
level within the harvested area, Bicknell’s thrushes selected increasing numbers of small trees 
(2.54 to 10 cm dbh) and demonstrated a quadratic relationship for selection of canopy height. 
Similarly, at the home-range level within the non-harvested area, Bicknell’s thrush demonstrated 
a quadratic relationship for selection of the number of small trees and canopy height. We 
concluded that Bicknell’s thrushes use lower elevation forest stands in harvested landscapes in 
Maine. We recommend quantifying forest structure using LiDAR to identify and prioritize stands 
for use by Bicknell’s thrush.   
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CHAPTER 1 
INTRODUCTION TO BICKNELL’S THRUSH RESEARCH IN MAINE 
Bicknell’s thrush (Catharus bicknelli) is a rare, range-restricted habitat specialist 
occurring in balsam fir (Abies balsamea) dominated montane forests that have been recently 
disturbed and are undergoing successional growth (Townsend et al. 2015). Bicknell’s thrush 
breeding range is restricted to montane regions of Quebec, New Brunswick and Nova Scotia in 
Canada, and New York, New Hampshire, Vermont, and Maine in the U.S. (Lambert et al. 2005). 
The species is a long-distance migrant with wintering grounds confined to the Greater Antilles 
(Townsend et al. 2015). Bicknell’s thrush is believed to have one of the smallest population sizes 
of regularly occurring passerine species within the contiguous U.S. and Canada, with estimates 
suggesting that there are less than 120,000 individuals globally (Hill & Lloyd 2017). The species 
is globally listed as vulnerable (IUCN 2016) and federally listed as threatened in Canada 
(COSEWIC 2009). Additionally, Bicknell’s thrush was recently not chosen for listing under the 
Endangered Species Act (FWS 2017). Despite this finding, this species continues to face 
significant threats. Likely influential threats to Bicknell’s thrush on the breeding grounds include 
changes in breeding habitat suitability, increased red squirrel (Tamias hudsonicus) predation, and 
increased interspecific competition by Swainson’s thrush (Catharus ustulatus) as a result of 
climate change (FWS 2017). The viability of the global population is further threatened by 
conditions on the wintering grounds where land use changes, specifically conversion of forests to 
agriculture, has resulted in rapid habitat loss that is exasperated by climate change (FWS 2017). 
Given the potential threats to the species’ breeding habitat, my thesis focuses on understanding 
Bicknell’s thrush breeding habitat use on commercial forests in Maine. The goal of this research 
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is to develop scientific information and data products that will contribute to state-specific 
management guidelines. 
Chapter 2 focuses on the effectiveness of tracking small songbirds in conditions that are 
disadvantageous to tracking using very-high-frequency (VHF) telemetry when the goal is to 
accurately quantify estimates of home-ranges and habitat use. Given the difficulties that we faced 
while tracking Bicknell’s thrushes with VHF telemetry during the 2018 breeding season, we 
investigated the use of global positioning system (GPS) technology to track individuals at our 
study area in 2019. We compared home-ranges estimated using VHF telemetry and GPS 
telemetry and discussed the advantages and disadvantages each method. Additionally, we 
summarized the methods used and made recommendations for researchers interested in using 
GPS tags to track small songbirds during the breeding season.  
Chapter 3 focuses on understanding the use, availability, and selection of breeding habitat 
for Bicknell’s thrush on commercial forestlands in Maine. Species-specific habitat models (such 
as Lambert et al. 2005) and management guidelines are heavily relied upon to inform land 
management practices, and thus it is imperative to understand the range-wide diversity of habitat 
conditions. Information about Bicknell’s thrush distribution and habitat use and availability in 
commercially managed forests in Maine is lacking (IBTCG 2010). The species-specific habitat 
model developed by Lambert et al. (2005) performs well in landscapes shaped by natural 
disturbances, but it may not perform as well north of 45 degrees North, which includes Maine, 
where forest habitat characteristics can be highly ephemeral due to forestry practices (Lambert et 
al. 2005, Aubry et al. 2016, Hill & Lloyd 2017). Further, understanding how this species uses 
lower elevation habitat in harvested, working landscapes will become increasingly important as 
climate change continues to constrain traditional habitat at higher elevations.   
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 This research was conducted with approval from the Institutional Animal Care and Use 
Committee project “Bicknell’s Thrush Distribution and Habitat Use on Commercial Forests in 
Maine; Protocol approval number: A2017-10-01”. Additionally, all field work conducted by 
University of Maine researchers was conducted under USGS federal bird banding permit 23856 
and a Maine Scientific Collector’s Permit (2018-184 and 2019-560) issued by Maine Department 
of Inland Fisheries and Wildlife. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4 
 
CHAPTER 2 
DOCUMENTING THE USE OF GPS+VHF TAGS FOR TRACKING SMALL 
SONGBIRDS: BICKNELL’S THRUSH AS A CASE STUDY 
Abstract 
 
Bicknell’s thrush (Catharus bicknelli) traditionally occupies breeding habitat that is 
characterized by dense forest conditions and steep, uneven terrain at high elevations. These 
characteristics, combined with the challenges of tracking flighted animals, can confound our 
ability to effectively track Bicknell’s thrushes to obtain accurate estimates of home-ranges and 
habitat use with very-high-frequency (VHF) telemetry. We used two tag types: 1) VHF-tags 
(deployed in 2018) and 2) combination tags that included a global positioning system (GPS) 
component and a VHF component (deployed in 2019) to improve accuracy of home range 
estimates. Though we were unable to directly compare data collected by the two tag types within 
years, we provided a general assessment of our experiences with each method among years. 
First, we included a general assessment of home-ranges estimated with VHF telemetry data to 
home-ranges estimated with GPS telemetry data. Second, we quantified the accuracy of each tag 
type and found that VHF telemetry via triangulation was more accurate than GPS telemetry. 
Third, we quantified the costs associated with each tracking method and concluded that when all 
things are considered, GPS+VHF telemetry was less expensive than VHF telemetry. Finally, 
GPS+VHF tags provided greater spatial coverage by collecting data in areas that we were unable 
to assess with VHF telemetry. We suggest that researchers consider the use of a GPS+VHF tag 
attached with a weak link leg-loop harness. We also recommend that while researchers should 
rely on the GPS component of the tag for the majority of their data, we also encourage 
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researchers to continue to track individuals using the VHF tag component when study objectives 
deem it necessary. 
Introduction 
 
 Very-high-frequency telemetry (VHF) has long been used as a tool to track animals for 
the purpose of quantifying habitat use (Adams 1965, Kenward 2001). Quantifying and 
understanding habitat use by animals is important prior to making forest management 
recommendations. This is especially true when the objective is to develop species-specific 
management recommendations for the conservation of habitat for a species of concern in a 
landscape managed for timber (Parrish et al. 2017, Thompson et al. 2003). While VHF telemetry 
has provided an adequate means of tracking animals for many years, the method suffers from 
numerous shortcomings, exacerbated by certain types of focal species. Tracking flighted animals, 
for example, poses a specific challenge given their ability to cover long distances quickly despite 
obstructions. The challenge of effectively tracking flighted animals can be further amplified in 
rugged terrain and dense forest conditions where foot travel and VHF signal are impeded. These 
impediments can result in underestimated habitat use in difficult to access areas (Rettie & 
McLoughlin 1999, Nams 1988), biased estimates of home-ranges (Moser & Garton 2010, Gerber 
et al. 2018), and subsequently inappropriate species-specific forest management 
recommendations.  Fortunately, advancements in wildlife tracking technology are improving our 
ability to locate animals that are difficult to track in uneven terrain and dense forest conditions 
(Johansson et al. 2016, Zweifel-Schielly & Suter 2007). These advancements include the 
miniaturization of global positioning system (GPS) technologies. Despite the size reductions in 
GPS tags, however, there are still many limitations to using GPS technology to track smaller 
animals. Firstly, GPS tags need to be light enough as to not hinder the movement of the focal 
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species. This is especially a concern for flighted species since we have to be conscious not to 
hinder flight capabilities (Bowlin et al. 2010, Tomotani et al. 2018). Secondly, GPS tags that are 
light enough to deploy on small flighted animals generally need to be retrieved to download the 
data. Third, when compared to VHF telemetry, GPS telemetry may present other limitations 
including higher costs (Hebblewhite & Haydon 2010). On the other hand, the higher cost of GPS 
technology may be offset by a decrease in the effort required to obtain data, and an increase in 
the amount of data obtained. Further, GPS technology presents the opportunity to obtain more 
representative location data for animals in difficult to access areas. 
Bicknell’s thrush (Catharus bicknelli) is a species of concern that traditionally occupies 
high elevation montane spruce-fir forests during the breeding season. Dense forest conditions 
and steep, uneven terrain are characteristic of Bicknell’s thrush breeding habitat, which makes 
VHF telemetry a disadvantageous tracking method. Given the difficulties that we experienced 
while tracking this species using VHF telemetry, we sought to explore new GPS tracking 
technology as a potential method to ameliorate these shortcomings. Our goal was to document 
the use of a method for tracking small songbirds in a landscape disadvantageous to using VHF 
telemetry. While we did not have the appropriate data to draw statistical conclusions regarding 
differences in home-range estimates or habitat use resulting from the two tracking methods, we 
have provided a general assessment of our experiences with each method while tracking 
Bicknell’s thrushes in 2018 and 2019. Our objectives were to (1) visualize home-range estimates 
obtained from VHF and GPS telemetry tags, (2) compare the accuracy of the locations obtained 
from VHF and GPS telemetry, (3) compare the financial and time costs associated with each 
tracking method and (4) discuss the overall advantages and disadvantages of each tracking 
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method to provide guidance to other researchers interested in using GPS tags to track small 
songbirds in habitat that is disadvantageous to VHF telemetry.  
Methods 
Study Area 
We captured and tracked Bicknell’s thrushes (Catharus bicknelli) in Redington Township 
of Franklin County, Maine (45° 00'N, 70°23'W) (Figure 2.1). The study area occurs on property 
owned by the U.S. Navy and is used for Survival, Evasion, and Resistance and Escape (SERE) 
training. Bicknell’s thrushes were captured at two locations within the SERE installation 
Thrushes were captured at elevations between 980 to 1150 m elevation where the property is 
characterized by eroded talus slopes and dense forest conditions (Figure 2.2). At these elevations, 
the property is dominated by balsam fir (Abies balsamea) and red spruce (Picea rubens) with 
lesser amounts of birch (Betula spp.) and mountain ash (Sorbus americana). The understory is 
composed of wild blueberry (Vaccinium spp.), bunchberry (Cornus canadensis), ferns, and 
mosses often growing amongst open talus. 
 
 
Figure 2.1. Location of study area for evaluating VHF and GPS telemetry methods for tracking 
Bicknell’s thrushes in 2018 and 2019, Franklin County, Maine  
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Figure 2.2. Difficult tracking conditions characterizing the study area. Left: Eroded talus slopes 
characteristic of portions of the study area. Right: Dense fir forest conditions characteristic of 
portions of the study area.  
 
Capture and Tagging 
We captured Bicknell’s thrushes at dawn and dusk between June 2 and July 18 in 2018 
and 2019 using mist nets and conspecific playback. Upon capturing individuals, we fitted them 
with a uniquely numbered USGS aluminum leg band and up to three color bands for resight 
identification. We recorded morphometric data including mass (± 0.1 g), age (second year; SY or 
after second year; ASY), sex, unflattened wing chord (± 1 mm), tarsus length (± 0.1 mm), and 
breeding condition (Pyle, 1997). In 2018, captured individuals received a VHF radio-transmitter 
tag (Advanced Telemetry Systems, Inc., Isanti, MN; A2445; hereafter VHF tag) weighing 0.9 
grams (Figure 2.3). VHF tags were affixed using a figure-eight leg-loop harness (Rappole & 
Tipton 1991) constructed out of thin jewelry beading elastic (Dritz extra thin beading cord; 0.5 
mm diameter). In 2019, individuals received a combination archival GPS and VHF radio-
transmitter tag (Lotek Wireless, Newmarket, ON; PinPoint 10 GPS store on board tag + PicoPip 
Ag379; hereafter GPS+VHF tag) weighing a combined 1.5 grams (Figure 2.3). Given the weight 
of the GPS+VHF tags, we attached these tags to the sheaths of trimmed feathers on the birds’ 
backs with cyanoacrylate glue. Bicknell’s thrushes generally molt their feathers prior to 
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migration, so attaching the tags with glue ensured that there was less of a chance of an individual 
leaving for migration with a tag still affixed.  
We trimmed the feathers on the individual’s back, leaving feather sheaths ~3-5 mm long, 
and then affixed the GPS+VHF tag. Leaving sheaths longer than 5 mm results in a gap between 
the tag and the bird’s back following gluing which may result in the tag being torn off should it 
get caught on vegetation, or should the bird pull on the antenna. Cutting the feathers too short 
will result in the glue being applied directly to the bird’s skin, which may cause irritation or 
result in skin being ripped off with the tag. We trimmed as few feathers as possible, to maintain 
feather coverage over the skin and to cover the tag and any exposed skin following tag 
removal/detachment (Figure 2.3). After trimming the feathers, we applied cyanoacrylate glue to 
the underside of the GPS+VHF tag in a figure “X” and pressed the tag onto the trimmed feather 
sheaths. We held the tag to the bird’s back with constant pressure for a minute and checked to 
ensure it was properly affixed prior to release of the bird.  
 
 
 
 
 
 
 
 
 
 
Figure 2.3. VHF and GPS+VHF tags, and Bicknell’s thrush with GPS+VHF tag attached. Left: 
VHF tag with leg-loop harness (left) and GPS+VHF tag (right). Right: Bicknell’s thrush with 
GPS+VHF tag affixed to its back with cyanoacrylate glue. Note that upper back feathers act to 
cover the tag. This ensures that the skin that is exposed after the tag is removed or falls off is 
covered.  
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Tracking & Relocating GPS+VHF Tags 
In 2018, we tracked individuals with VHF tags using an R-1000 telemetry receiver 
(Communications Specialists Inc., Orange, CA) or a Biotracker (Lotek Wireless, Newmarket, 
ON) paired with a traditional 3-element Yagi antenna. We tracked individuals every one to seven 
days. Due to the SERE training schedule, access to the site was limited to every other week. We 
tracked individuals for up to two consecutive hours with locations taken every five minutes. 
Individuals were occasionally tracked more than once a day, and all individuals were tracked at 
dawn, dusk, and midday to account for temporal differences in habitat use. To lessen the 
behavioral impact of tracking, we primarily relocated birds using triangulation (White & Garrott 
1990). This was achieved with three to four people communicating with radios to ensure 
simultaneous bearings were taken. During each triangulation, we recorded a GPS location, 
waypoint ID, bearing, time, and transmitter frequency. We calculated location estimates from 
triangulations using the LOAS software version 4.0 (Ecological Software Solutions, USA). If an 
individual was successfully identified by color bands in the field, then we recorded a homing 
location.  
In 2019, we programmed the GPS+VHF tags to take a location every two to six hours for 
five days with one location during the night, two during the dawn hours, one during midday, and 
two during the dusk hours for a total of six points per day. For every sixth day, we programmed 
the GPS+VHF tags to take a location once every two hours between 8:00 EST and 18:00 EST for 
a total of six points that day. This schedule ensured that we would account for temporal 
differences in home-range use. All GPS+VHF tags were programmed to take Swift Fixes. Swift 
Fixes delay the processing of collected locations until after the tag has been retrieved, which 
extends the battery life and allowing more locations to be collected per charge. We only used the 
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VHF component of the GPS+VHF tags to relocate individuals for recapture and tag removal or 
to locate tags once they detached; therefore, only GPS locations were obtained from the 
GPS+VHF tags.  
Once tags detached, we located them using the VHF component of the tag. If a bird was 
recaptured with the GPS+VHF tag still attached, we attempted to remove the tag. This was only 
possible if the tag had begun to detach from the bird because we did not want to risk removing 
any skin with the tag. If the tag could be lifted from the bird’s back, we would trim the feather 
sheaths using small, curved cosmetic scissors to remove the tag. If the tag was still firmly 
attached, we would release the bird with the intention of recapturing the individual in the future 
or finding the detached tag. We never replaced a detached tag with a new tag. 
Home-range Analysis  
We calculated 95% home-range area point estimates with upper and lower confidence 
intervals (95%) for each individual using an optimally weighted autocorrelated kernel density 
estimator (AKDEc) using the package ‘ctmm’ in Program R (Calabrese & Fleming, 2016; 
Fleming & Calabrese, 2019). This framework accounts for temporal autocorrelation, small 
effective sample sizes, and irregular sampling in home-range estimation (Fleming & Calabrese, 
2017; Fleming et al., 2018). We included all VHF tag locations for each individual with an error 
estimate less than 2500 m2 from LOAS in their home-range estimation regardless of the time 
between consecutive relocations. Additionally we kept all GPS+VHF tag locations for each 
individual with a horizontal dilution of precision (HDOP) less than 30. This resulted in home-
range estimates based on 21 to 83 locations. Average home-range size estimates from VHF tag 
data were compared with estimates from GPS+VHF tag data. Home-range estimates for the same 
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individuals tracked with VHF tags in 2018 and GPS+VHF tags in 2019 were compared 
regarding size and spatial orientation. 
Quantifying Accuracy of VHF Triangulation and GPS Locations  
 To quantify the accuracy of VHF triangulation and GPS tag locations, we distributed the 
tags across a range of forest conditions including dense regenerating softwood forest, dense 
mixed forest, and open mixed forest. We recorded the true location of each tag by taking an 
averaged location for which the GPS device takes several readings in the same location and uses 
the average value to improve accuracy. While we quantified the accuracy of the two tag types 
across the same range of forest conditions, we did not use the same locations for each tag type 
because the GPS tags were left in a single location for multiple points, whereas the VHF tags had 
to be moved to a new location for each point to avoid observer bias.  
To estimate the accuracy of the GPS tags, we programmed 12 tags to take points every 15 
minutes and placed them in a forested area for 6-12 hours. In addition to placing GPS tags across 
the range of forest conditions, we also assess the effect of canopy closure on location accuracy. 
We divided the tags into two groups: tags placed in open canopy conditions (less than 60 percent 
canopy cover) and tags placed in closed canopy conditions (greater than 90 percent canopy 
cover). Since the GPS tags rely on communications with satellites, we wanted to address the 
concern that dense canopy cover would impede the tags’ ability to obtain an accurate location. 
Canopy cover was visually estimated. One-hundred twenty locations were obtained in closed 
canopy conditions from one to two meters above the ground in dense, regenerating balsam fir 
forest. The remaining 180 locations were obtained in open canopy conditions at one meter above 
the ground in low density softwood-dominated forests.  
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 To quantify the accuracy of VHF telemetry estimates, we obtained location estimates of 
VHF tags using triangulation from 150 to 200 m away. To best replicate the methods used while 
tracking tagged birds (see “Capture and Tracking”), we recorded three bearings and GPS 
locations for each triangulation and calculated location estimates using LOAS software version 
4.0. We repeated this process 11 times, placing a tag in a new location every time. We did not 
quantify accuracy in open versus closed canopy conditions for VHF telemetry because VHF tags 
do not communicate with satellites and therefore the accuracy of the locations is not 
disproportionately affected by vertical forest structure as it can be for GPS tags (Lewis et al. 
2007).  
 To estimate the location error associated with VHF triangulation and the GPS locations, 
we calculated the Euclidean distance between each location collected and the averaged GPS 
waypoint of the true tag locations (Adams et al. 2013). We then calculated the average distance 
of the collected locations to the true tag locations for each tag type. We made comparisons of the 
average distances between the collected location and the true tag location between the GPS and 
VHF tags, and between the open and closed canopy conditions for the GPS tags.  
Quantifying Cost of VHF Triangulation and GPS+VHF Telemetry 
 To quantify the cost per point collected using VHF triangulation versus GPS+VHF 
telemetry tags, we evaluated our expenditures for each tracking method. We summed the number 
of points collected and the number of effort days spent for each method and determined the 
number of points collected per day. A day is considered an 8-hour day spent in the field 
collecting location data. We calculated the total number of hours spent collecting points for each 
method (days * 8 hours). Assuming we paid technicians Maine’s 2019 minimum wage of 
$11.00/hour, we calculated the total cost to pay technicians to complete data collection using 
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each method. Three technicians are generally required for VHF triangulation when tracking 
small songbirds, and two technicians are required to effectively deploy and retrieve GPS+VHF 
tags. We calculated the total equipment costs required for each method and added this to the 
technician cost for a total cost (Table 2.1). Finally, we calculated the total cost per point for each 
method. We assumed that capture efforts were equal for each method and that 10 tags of each 
type were purchased. VHF telemetry data from 2018 and 2019 was combined and only the cost 
of 10 VHF tags was included (we assumed no equipment failures). 
Table 2.1. Initial equipment costs associated with VHF telemetry and GPS+VHF tags. Costs are 
based on the purchase of 10 tags of each type, and are in USD. 
  
VHF GPS+VHF 
Equipment Cost Quantity Total Cost Quantity Total Cost 
Yagi $ 160.00 3 $ 480.00 1 $ 160.00 
Receiver $ 795.00 3 $ 2,385.00 1 $ 795.00 
Coaxial Cable $ 12.00 3 $ 36.00 1 $ 12.00 
GPS+VHF Tag $ 575.00* 0 $ 0.00 10 $ 5,750.00 
VHF Tag $ 150.10 10 $ 1,501.00 0 $ 0.00 
Programmer/Downloader $ 290.00 0 $ 0.00 1 $ 290.00 
Radios $ 34.00 3 $ 102.00 0 $ 0.00 
 Total Equipment Cost $ 4,504.00 - $7,007.00 
*$390.00 for GPS component and $185.00 for VHF component. 
Results 
 
We deployed 9 GPS+VHF tags. Of the eight tags we retrieved, six detached prior to 
recapturing the bird, and two were removed upon recapture. During our efforts to capture new 
individuals to tag, we recaptured three individuals that had been previously tagged but whose tag 
had since detached. Individuals that had lost their tag were missing feathers, however the skin 
was not irritated and were covered by the remaining feathers (Figure 2.4). Of the two tags that 
were removed upon recapture, the tag was barely attached, and we were able to clip the 
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remaining feather sheaths to remove the tag. GPS+VHF tags stayed on the birds for an average 
of 12.67 days prior to falling off or being removed. VHF tags stayed on indefinitely. Despite our 
anticipation that the jewelry beading elastic would degrade prior to migration, five individuals 
tagged in 2018 returned to the breeding grounds in 2019 with their VHF tag still attached.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
Home-range Estimates  
We obtained estimates of home-ranges for five individuals using VHF telemetry in 2018 
– all males, three ASY and two SY (Table 2.2). We estimated an average home-range size of 
12.21 ha (SE ± 1.91) (Table 2.2). Although we retrieved eight of the nine tags successfully, one 
fell off prior to collecting enough data for a home-range estimate. The ninth tag was taken 
underground, and we were unable to retrieve it. Consequently, we obtained estimates of home-
ranges for seven individuals using GPS+VHF tags in 2019, all of which were male, six ASY and 
one SY (Table 2.2). We estimated an average home-range size of 40.19 ha (SE ± 14.73) (Table 
2.2). Three individuals were tracked during both years. On average, home-range estimates for 
based on GPS+VHF tag data were 7.82 ha (35.68%) larger than estimates based on VHF tags 
alone (Table 2.2; Figure 2.5) for individuals tracked during 2018 and 2019.  
Figure 2.4. Results of GPS+VHF tag detachment. Left: Bicknell’s thrush recaptured after 
GPS+VHF tag had detached. Right: GPS+VHF tag that was retrieved after detaching from 
Bicknell’s thrush.  
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Table 2.2. Bicknell’s thrush home-range size estimates. 2018 data were obtained using VHF tags 
and 2019 data were obtained using GPS+VHF tags in Franklin County, Maine. *Indicates 
individuals tracked in 2018 and 2019. 
Year Tag Type Bird ID Age Sex # of Locations Home-range Size (ha) 
2018 VHF   3* ASY M 33 14.34 
2018 VHF   4* ASY M 21 12.47 
2018 VHF   5* SY M 40 14.92 
2018 VHF 6 ASY M 43 14.56 
2018 VHF 16 SY M 40 4.76 
    Average 35.40 12.21 
2019 GPS+VHF 1 ASY M 28 17.6 
2019 GPS+VHF 2 ASY M 64 22.78 
2019 GPS+VHF   3* ASY M 53 34.27 
2019 GPS+VHF   4* ASY M 83 15.31 
2019 GPS+VHF   5* ASY M 72 15.62 
2019 GPS+VHF 30 SY M 72 123.17 
2019 GPS+VHF 36 ASY M 71 52.55 
    Average 63.29 40.19 
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Figure 2.5. Bicknell’s thrush home-range estimates for three individuals that were tracked in 
2018 with a VHF tag, and again in 2019 with a GPS+VHF tag. Solid lines represent 
maximum likelihood estimate, and dashed lines represent upper and lower 95% CIs, Franklin 
County, Maine. 
 
18 
 
Accuracy Assessment  
The GPS+VHF tags were 15.09 m less accurate than VHF triangulation on average 
(Table 2.3). GPS+VHF tags also had a 1011 m higher maximum range of accuracy when 
compared to VHF triangulation estimates (Table 2.3). GPS+VHF location estimates obtained in 
closed canopy conditions were almost half as accurate as those obtained in open canopy 
conditions (Table 2.3). GPS+VHF location estimates from open canopy conditions were similar 
in accuracy to VHF triangulation estimates (Table 2.3).  
Table 2.3. Location accuracy estimates for VHF and GPS+VHF tags. Average distance is a 
measure of the distance between the locations estimated from LOAS software for VHF tags and 
the true tag location, and from the GPS collected location and the true tag location for GPS tags.  
 Number of Locations Average Distance (m) Range (m) 
GPS: all 300 51.11 ± 152.61 0.97 – 1093.71 
VHF: all 11 36.02 ± 32.02 2.08 – 82.71 
GPS: closed 120 74.32 ± 188.89 0.97 – 1093.71 
GPS: open 180 35.63 ± 120.75 2.23 – 1057.39 
 
Cost Assessment  
 If 10 tags of each type are purchased, the cost per point collected using VHF telemetry is 
$5.62 more than the cost per point collected using GPS+VHF tags (Table 2.4). The total hours 
spent for VHF telemetry includes time spent completing triangulations in the field, during which 
some homing locations were also collected. The total hours spent for the GPS+VHF tags 
includes recapture efforts to retrieve tags, and time spent searching for tags after they had fallen 
off. These efforts would be more than accounted for within the 8-hour per day estimate. 
 
 
19 
 
Table 2.4. Costs of collecting location data on Bicknell’s thrush using VHF telemetry and 
GPS+VHF tags. Days are assumed to be one 8-hour day, and technician cost is $11.00/hour. 
 Total 
Points 
Total 
Days 
Points/ 
Day 
Total 
Hours 
Technician 
Cost 
Equipment 
Cost 
Total Cost 
Cost/ 
Point 
VHF* 870** 57 15 456 $ 15,048.00 $ 6,005.00 $ 21,053.00 $ 24.20 
GPS+VHF 453 8 57 64 $ 1,408.00 $ 7,007.00 $ 8,415.00 $ 18.58 
*VHF includes data combined from 2018 and 2019. Equipment costs for 2019 only included 10 VHF tags.  
**Includes some homing locations. 
 
Discussion 
 
While tracking Bicknell’s thrushes with VHF tags in 2018, we had expected that our 
home-range estimates based on VHF tag locations were greatly underrepresenting space use 
because we were unable to consistently locate tagged individuals due to the difficult, talus 
covered terrain. When we compared the home-range estimates for the three individuals that were 
tracked in 2018 with VHF tags and in 2019 with GPS+VHF tags, however, we were surprised by 
how similar in size and spatial configuration they were. This may be a result of the trade-off 
between the location accuracy of the GPS+VHF tags and a more accurate representation of 
home-range size. The similarity we observed in the home-range estimates may be due to lower 
location accuracy and increased representation of space use, which offsets the higher location 
accuracy, but decreased representation of space use attained with VHF telemetry. We recognize 
that we were not comparing home-range estimates from the same year and that there are 
numerous confounding factors that may impact an individual’s space use from year to year 
(Heithaus & Dill 2002, Valeix et al. 2009). It is possible that 2018 home-range estimates were 
underrepresented due to VHF telemetry limitations and that they were only coincidentally similar 
to the home-ranges estimated in 2019 using GPS+VHF tag data. Nevertheless, when we 
considered the individual home-range estimate of 123.17 ha (Bird ID 30), it was clear that the 
GPS+VHF tags collected data that we could not have otherwise collected with VHF tags alone. 
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Additionally, three individuals (Bird ID 1, 2 and 36) used a portion of the study area where we 
deployed VHF tags in 2018 but were unable to successfully track them due to the terrain and tree 
density. We were only able to obtain home-range estimates in this area by using GPS+VHF tags 
in 2019. Ideally we would have tracked GPS+VHF tagged birds using the VHF component of 
the tag and calculated two separate home-range estimates (one based on GPS data and one based 
on VHF telemetry data) in the same year. This would have served as a more accurate comparison 
of the two tracking methods; however, we were unable to accomplish this due to permitting and 
logistical constraints.  
We were initially concerned about the accuracy of the GPS+VHF tags given the habitat 
occupied by Bicknell’s thrush. The GPS+VHF tags were generally not as accurate at the VHF 
telemetry triangulation estimates. Furthermore, mean accuracy of GPS tags generally increases 
with the number of fixes per point (Deckert & Bolstad 1996), therefore it is likely that we 
overestimated the accuracy of the GPS+VHF tags compared to when they are deployed on an 
animal. GPS+VHF tag accuracy was lower in closed canopy conditions compared to open 
canopy conditions, as was expected (Recio et al. 2011a); however, the accuracy was still 
acceptable for quantifying habitat use and estimating home-ranges. The upper limit of the range 
of the GPS+VHF tags (1093.71 m), however, may be cause for concern. When using VHF 
telemetry to obtain triangulated locations, there is an error polygon associated with each 
estimate, which can be interpreted as an estimation of the potential validity of the estimated 
location. The GPS+VHF tags, however, do not provide a guaranteed means to filter out invalid 
locations. The GPS+VHF tag output provided a HDOP estimate that describes the error caused 
by the relative position of satellites, but these were not reliable for filtering out invalid locations 
without risking the loss of valid locations (Recio et al. 2011a). We observed some questionable 
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locations that appeared to be outliers in the GPS+VHF tag data, however we had no way of 
determining if outlier locations were accurately recorded or due to tag error. Consequently, it is 
possible that some of the locations included in home-range and habitat use analysis (Chapter 3) 
were invalid. Despite some concern regarding unidentifiable invalid locations recorded by 
GPS+VHF tags, we can conclude from the average accuracy estimated from 300 points (51.11 
m) that these outliers were likely exceptions.  
We did not assess differences in estimates of habitat use based on the data collected with 
the two tag types due to sample size constraints and other confounding factors. Although we 
demonstrated that there was considerable overlap of the home-ranges estimated using the two 
methods between 2018 and 2019, multiple individuals used areas in which we could not have 
successfully tracked them with VHF telemetry. Consequently, we suggest that VHF telemetry 
alone may not accurately quantify habitat use since the individuals in the inaccessible areas may 
be selecting habitat differently that the individuals we were able to representatively track with 
VHF telemetry. Additionally, we cannot assume that just because an individual selects the same 
home-range within the landscape from year to year that it is also selecting for the same habitat 
characteristics within its home-range from year to year. It is also possible that we collected an 
adequate number of locations per individual to reach an asymptotic home-range estimate using 
VHF telemetry (Girard et al. 2002), however this does not imply that an increase in relocations 
per individual would not result in changes in estimates of habitat selection within the home-
range.  
In the conditions at this study area, we were able to track more individuals with the 
GPS+VHF tags than we would have been able to using VHF tags alone. While both GPS+VHF 
and VHF tags required the same initial effort of capturing individuals and attaching tags, there 
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was very little effort in obtaining location data using the GPS+VHF tags. However, we were not 
able to track each individual for as long using the GPS+VHF tags as compared to the VHF tags. 
Since we used figure-eight leg-loop harnesses to attach the VHF tags, these tags remained 
attached longer than the GPS+VHF tags (sometimes throughout migration), which allowed us to 
track VHF tagged individuals for a longer period of the breeding season than we were able to 
with the GPS+VHF tags. This could result in differing estimates of home-ranges or habitat use 
when individuals change selection patterns as the breeding season progresses (Uboni et al. 2015). 
Furthermore, it may be better to track fewer individuals for longer versus tracking more 
individuals for a shorter period of time (Thaxter et al. 2017). We did not use leg-loop harnesses 
on the GPS+VHF tags because we needed the tags to detach prior to migration to retrieve the 
data, and because we did not want to risk an individual being hindered by the weight of the tag 
during migration. We considered using only GPS tags (no VHF component) and attaching the 
tags with a leg-loop harness, however our efforts of recapturing individuals to remove VHF tags 
in 2018 were not successful. Thus, in 2019, we decided to pair the GPS tag with a VHF radio-
transmitter.  
If we only considered the cost of the tags, the upfront cost of the GPS+VHF tags were 
substantially higher than the VHF tags (Table 2.1). If we consider the labor cost and the number 
of hours required to acquire triangulated locations however, we conclude that VHF tags were not 
the most cost-efficient option (Table 2.4; Recio et al. 2011b, Thomas et al. 2011). Since the 
initial costs of the GPS+VHF tags is so high, the cost per point will increase disproportionately 
relative to the cost per point using VHF telemetry if the number of tags purchased is increased. 
However, fewer GPS+VHF tags are needed to collect the same amount (or more) of data as 
compared to VHF tags. The initial cost of the VHF tags is lower, thus allowing for the purchase 
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of more tags, but this advantage is offset by the increased labor costs associated with tracking 
more individuals (Recio et al. 2011b). Additionally, if tracking fewer individuals for a longer 
period is potentially beneficial relative to tracking many individuals for short periods of time, 
and assuming that we could find a means to retain the glue-on GPS+VHF tags for longer, we 
may reduce overall costs by purchasing fewer tags. Lastly, since the GPS component can be 
recharged, you can reuse the GPS+VHF tags on additional birds for as long as the VHF tag 
battery lasts. 
GPS+VHF tags lessened the potential impact of tracking on the behavior of the birds as 
compared to the VHF tags. Despite our efforts of using triangulation to lessen our impact on the 
birds’ behavior during tracking with VHF tags, we observed individuals fleeing an area in 
response to our presence on multiple occasions. VHF tags provide the advantage of observers 
being regularly present on-site with the tagged individuals for which there are obvious benefits 
(Skupien et al. 2016, Hebblewhite & Haydon 2010). For example, in 2018, we observed a VHF 
tagged female that altered her space use to begin using a new, structurally and compositionally 
different forest stand than she had spent the majority of the breeding season in. Since we were 
able to observe her in real time, we were able to observe that it was because her nest had fledged, 
and she moved into a new habitat type for feeding fledglings. While the GPS+VHF tags would 
have recorded the shift in habitat use, we would not have observed the potential behavioral 
motive.  
Advantages and Disadvantages 
There are numerous considerations when deciding if GPS technology is a better option 
for tracking small birds in difficult habitat (Latham et al. 2014; Table 2.5). Since VHF telemetry 
alone may not accurately quantify habitat use in difficult to access areas, we recommend the use 
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of GPS+VHF tags. We suggest that researchers consider the use of a GPS+VHF tag attached 
with a weak link leg-loop harness (Kesler 2011). A pilot study would be needed to determine the 
appropriate width of the elastic used for the weak link. This approach would be advantageous 
because it would ensure that the tags remain on the birds long enough to assess temporal 
variation in habitat use throughout the breeding season while increasing the likelihood that the 
tag will fall off for data retrieval and to minimize the likelihood that the tag will remain on 
throughout migration. Additionally, we would recommend including a weak link on both loops 
of the harness (versus just on one of the leg-loops) to increase the likelihood that the tag will 
detach. Using a leg-loop harness will also enable researchers to redeploy tags on individuals 
upon recapture. We were unable to do this using cyanoacrylate glue because we did not want to 
apply the glue directly to the birds’ skin following detachment of the tag.  
We also recommend that, while researchers should still rely on the GPS component of the 
tag for the majority of their data, researchers continue to track individuals using the VHF tag 
component when study objectives deem it necessary. For example, VHF telemetry is more 
appropriate when behavioral observations are necessary (e.g. foraging studies), or when the use 
of fine scale microhabitat elements needs to be quantified (e.g. nest locations). Locations from 
both the GPS and VHF tags can also be incorporated into home-range estimates and habitat use 
analysis (Pellerin et al. 2008, Land et al. 2008).  
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Table 2.5. Summary of the advantages and disadvantages of using VHF telemetry (triangulation) 
and GPS+VHF tag telemetry. Summary based on tracking Bicknell’s thrushes in traditional high 
elevation habitat with characteristic talus slopes and dense forest conditions in Franklin County, 
Maine.  
 VHF Telemetry GPS+VHF Telemetry 
Coverage 
Biased/underrepresented estimates of 
home-ranges and habitat use  
Obtain locations in difficult to 
access areas; more accurate 
estimates of home-ranges and 
habitat use 
Accuracy 
Less accurate in areas where VHF 
signal is impeded; can reliably 
exclude invalid location estimates 
Less accurate than VHF; 
difficult to identify invalid 
locations 
Behavioral 
Observations 
Opportunity to gain valuable 
behavioral observations 
Researchers not present to observe 
behaviors 
Tag Retention 
Tags retained throughout season with 
leg-loop harness 
Tags fall off prematurely using 
cyanoacrylate glue; leg-loop 
harness may not be a viable option 
Tag Weight Lighter  
Heavier (may impede long-
distance movements) 
Tracking 
Effort 
Substantial effort required post-
tagging 
Little effort required post-tagging 
Cost Cheaper purchase cost 
Expensive tags may restrict 
sampling effort; cheaper per 
location; 
More locations per fewer 
individuals 
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CHAPTER 3 
BICKNELL’S THRUSH HABITAT USE ON COMMERCIAL FORESTS IN MAINE 
Abstract 
Bicknell’s thrush (Catharus bicknelli) is a rare, range-restricted habitat specialist 
occurring in balsam fir-dominated montane forests that are undergoing successional growth. The 
species traditionally occurs at elevations above 800 m in the northeastern U.S., but if suitable 
habitat is available, the species can occur at lower elevations. The potential for suitable habitat at 
lower elevations exists in Maine because of changes in forest structure and composition due to 
forestry practices. The extent to which Bicknell’s thrushes use these low elevation regenerating 
fir stands, however, remains unknown. By means of telemetry, resource selection functions 
(RSFs), and Light Detection and Ranging (LiDAR)-derived maps of forest structure, we aimed 
to understand the use and availability of breeding habitat for Bicknell’s thrush on commercial 
forestlands in Maine. To accomplish this, 24 individuals were tracked using VHF or GPS 
telemetry in 2018 and 2019 at two study areas: 1) working forest with extensive, recent timber 
harvesting, and 2) forest that had not been harvested for 70+ years. Using RSFs, we described 
habitat selection by Bicknell’s thrush at the landscape and the home-range level. At the 
landscape level, Bicknell’s thrush avoided taller canopy heights and greater proportion of 
hardwood forest. At the home-range level within the harvested area, Bicknell’s thrushes selected 
for higher numbers of small trees, and demonstrated a quadratic relationship for selection of 
canopy height. Similarly, at the home-range level within the non-harvested area, Bicknell’s 
thrushes demonstrated a quadratic relationship for selection of number of small trees and canopy 
height. We concluded that Bicknell’s thrushes use lower elevation forest stands in harvested 
landscapes in Maine compared to traditional use, and that individuals select for similar forest 
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structure characteristics in low elevation habitat as they do in high elevation habitat. We 
recommend quantifying forest structure using LiDAR to identify and prioritize stands for use by 
Bicknell’s thrush. Finally, we provide management recommendations for forest managers. To 
manage for conserving breeding habitat for Bicknell’s thrush. 
Introduction 
 
Forest management practices alter forest structure, which may in turn affect habitat 
availability and use by avian species. While it is obvious that forestry practices, particularly 
timber harvests, may negatively affect avian species populations, it is important to note that the 
impact will vary depending upon the practice and the species in consideration (Thompson 1992, 
Hagan 1997, Perry et al. 2018). For example, Perry et al. (2018) demonstrated that while some 
avian species responded negatively to all timber harvest practices considered, multiple species of 
forest birds showed positive responses to varying harvest intensity levels. In addition, species 
that have narrow habitat requirements can be particularly sensitive to habitat loss due to changes 
in the forest characteristics upon which they so heavily rely (Owens & Bennett 2000), but these 
effects can be mitigated with regional and species-specific management guidelines.  
The implications of habitat changes brought about by forest management are an 
especially important consideration in Maine where 89 percent of the land area is forested; a total 
of 17.6 million acres, 95 percent of which is classified as timberland (Butler 2017), and may 
therefore be subjected to changes brought about by forestry practices. Since so much of the 
forestland in Maine is managed to prioritize timber production, there is a need for conscious and 
informed land management approaches when considering avian conservation. Additionally, land 
sharing management regimes, such as those seen in Maine, combine timber harvest with 
protecting biodiversity within the same landscape (Edwards et al. 2010), and this presents the 
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need to identify management guidelines that meet the goals of forestland owners while 
conserving habitat for avian species in decline. Furthermore, 89 percent of the forest area in the 
state is under private ownership (Butler 2017), which presents a unique conservation challenge in 
which greater stewardship responsibility rests with forestland owners.  
Bicknell’s thrush breeds almost exclusively in high-elevation balsam fir-dominated 
forests where growing conditions limit tree growth resulting in stunted trees and an open canopy. 
It has been estimated that 95 percent of Bicknell’s thrushes in the U.S. occur above elevations of 
800 m during the breeding season (Hill & Lloyd 2017). Should suitable habitat be available, 
however, the species can be found at lower elevations at more northerly latitudes (Lambert et al. 
2005). Further, suitable habitat characteristics similar to those found at higher elevations of the 
species mountaintop range may be produced by forestry practices at lower elevations. For 
example, in actively managed forests in New Brunswick, Bicknell’s thrushes occur at elevations 
between 457 and 760 m (Townsend et al. 2015). While this lower elevation occurrence is 
partially due to an effect of latitude (Lambert et al. 2005), it is also possible that forest 
management practices are contributing to the production of suitable habitat at elevations below 
traditional thresholds. The habitat characteristics created by forestry practices, however, will 
likely only serve as suitable breeding habitat for Bicknell’s thrush if specific management 
recommendations are followed.  Previous research in the Canadian portion of the species’ range 
has established that Bicknell’s thrush habitat use and availability are impacted by changes to its 
breeding habitat brought about by forestry practices (Aubry et al. 2011, Chisholm & Leonard 
2008, Nixon et al. 2001), and without specific management recommendations, forestry practices 
may be incompatible with creating or conserving breeding habitat. 
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Given that the majority of research on Bicknell’s thrush occurrence in actively managed 
forests has been conducted in Canada (Nixon et al. 2001, Campbell & Whittam 2006, Chisholm 
& Leonard 2008, Aubry et al. 2011, Aubry et al. 2016), there is a lack of research effort and 
information regarding the species’ habitat use on actively managed forests in the U.S. portion of 
the breeding range. This is particularly a problem in Maine since the majority of forestland in the 
state is managed for timber (Butler 2017). Furthermore, management guidelines have been 
developed for other portions of the species range in Canada and the U.S. but have not been 
applied and evaluated in Maine (Campbell et al. 2005, Bredin & Whittam 2009, Gouvernement 
du Québec 2014, Lambert et al. 2017). There are a number of factors unique to the state that may 
impact the species’ distribution differently than in other portions of its range. First, because of 
the unique distribution of tree communities in Maine, suitable habitat for the species may occur 
at elevations below the traditional elevation threshold of 800 m. Second, forestry practices may 
produce habitat characteristics similar to those traditionally occurring within Bicknell’s thrush 
mountaintop ranges, thus potentially allowing the species to occur at elevations below 800 m, as 
is seen in Canada. Third, anecdotal reports have suggested the possibility of the species 
occurring at lower elevations, but the observed thrushes were not singing (Ian Trefry, personal 
communication). This observation may further suggest that the species is using lower elevations 
in Maine, but that it has not been detected during audio surveys. The extent to which Bicknell’s 
thrushes use regenerating fir stands at lower elevations in Maine, however, remains unknown 
(Lambert et al. 2005, Aubry et al. 2016, Hill & Lloyd 2017).   
The study described in this chapter was designed to understand multi-level, multi-scale 
breeding habitat selection for Bicknell’s thrush on commercial forestlands in Maine. This study 
was carried out in a effort to address the larger goal of providing guidance to private, commercial 
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forestland owners for management and conservation of breeding habitat for the species, and to 
contribute to state-specific management guidelines. Our research objectives were to (1) identify 
the forest structure characteristics associated with breeding habitat selection on commercial 
forestlands in Maine at multiple levels and scales, both above and below the traditional elevation 
threshold for the species, and to (2) identify novel, LiDAR-derived forest structure estimates that 
explain Bicknell’s thrush habitat selection. To accomplish this, we quantified use by Bicknell’s 
thrush using telemetry in Maine in 2018 and 2019. Used and available habitat was quantified 
using LiDAR and other remotely sensed data, and habitat selection was evaluated using resource 
selection functions. We predicted that Bicknell’s thrush would use habitat below 800 m elevation 
on commercially managed forests in Maine, and that forestry practices would create low 
elevation habitat that emulates traditional habitat for the species. Based upon previous research, 
we specifically predicted that Bicknell’s thrush habitat use would be best explained by forest 
composition, canopy cover, canopy height, stem diameter, and elevation. This is the first 
Bicknell’s thrush study to evaluate fine-scale habitat use by Bicknell’s thrush in Maine.  
Methods 
Study Areas 
We captured and tracked Bicknell’s thrushes at two study areas, a harvested area and 
non-harvested area, in Franklin County, Maine (Figure 3.1). The non-harvested area occurs on a 
false peak of Mt. Redington in Redington Township (45° 00'N, 70°23'W) and is located on 
property owned by the U.S. Navy used for Survival, Evasion, and Resistance and Escape (SERE) 
training. The SERE installation consists of approximately 51km2 of non-harvested forest and has 
not been managed for timber in over 70 years. However, the land surrounding the non-harvested 
area was of unknown ownership to us and harvesting and timber management occurs within the 
broader landscape. Due to the lack of timber management within the SERE installation, we 
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included this area to represent a reference site for traditional Bicknell’s thrush habitat in Maine. 
Research was conducted at elevations between 980 to 1150 m elevation where the forest was 
dominated by balsam fir (Abies balsamea) and red spruce (Picea rubens) with lesser amounts of 
birch (Betula spp.) and mountain ash (Sorbus americana). The understory is composed of wild 
blueberry (Vaccinium spp.), bunchberry (Cornus canadensis), ferns, mosses, and open talus.  
 The harvested area is located in Skinner Township (45°24'N, 70°33'W) on land owned 
and managed by Weyerhaeuser, and represents land intensively managed for timber production. 
At lower elevations below 800 m, the area is composed of mixed and hardwood forests 
dominated by red maple (Acer rubrum), American beech (Fagus grandifolia), paper birch 
(Betula papyrifera), Eastern hemlock (Tsuga canadensis), and balsam fir. At higher elevations, 
between 800 m and the peak of Kibby Mountain at 1114 m, the property is dominated by balsam 
fir and red spruce with lesser amounts of red maple, mountain ash, and paper birch. The land 
surrounding the harvested area is also predominately owned and managed by Weyerhaeuser. 
Consequently, frequent harvesting results in a complex mosaic of fragmented forest patches 
across the landscape. Additionally, clearcutting results in dense natural regeneration of balsam fir 
stands at elevations below 800 m. The forest stands that are thought to most closely emulate 
Bicknell’s thrush breeding habitat characteristics are classified by Weyerhaeuser as S1A, S1B, 
S2A and S2B forest stands (softwood-dominant, regenerating (<4.5 m tall) or sapling trees (4.5 
to 9 m tall), 70 to 100 percent canopy stocking). The Kibby Wind Power Project, approved in 
2008, constructed multiple wind turbines in the Kibby area by 2010, which resulted in a potential 
loss of high elevation habitat available to Bicknell’s thrush in this landscape. 
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Figure 3.1. Locations of the study areas for evaluating Bicknell's thrush habitat selection during 
the 2018 and 2019 breeding seasons, Franklin County, Maine.  
 
Definitions 
Habitat is defined to include the suite of resources and conditions, both abiotic and biotic, 
of an area that influence and produce occupancy, and determine fitness of an organism (Hall et 
al. 1997, Gaillard et al. 2010). For the purpose of this research, we use the term ‘habitat’ to refer 
specifically to areas containing the structural characteristics and composition of the forests that 
Bicknell’s thrushes use during the breeding season. Given that this research did not quantify any 
measure of survival or reproduction, the use of the term ‘habitat’ refers to what is more typically 
defined as ‘habitat type’ (defined by composition and structural characteristics). Habitat ‘use’ 
refers to the time spent, or relative intensity of use, of different resources or habitat attributes 
within a given habitat by Bicknell’s thrush as determined by telemetry data. Further, following 
analysis using resource selection functions (RSFs), ‘use’ refers to the ‘relative probability of use’ 
as defined by Manly et al. (2002). ‘Selection’ is defined as use of habitat that is determined to be 
disproportionate when compared to the availability (Johnson 1980); it is quantified and identified 
using RSFs and interpreting the resulting beta coefficients. Additionally, the use of the term 
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‘selection’ refers to a hierarchical behavioral process by which an individual chooses to use 
specific habitat characteristics (Johnson 1980).  
‘Study areas’ are defined as the two areas encompassing the habitat used by tracked 
Bicknell’s thrushes and are considered harvested or non-harvested, as previously described 
(Figure 3.2). ‘Study sites’ refer to the specific sites within these two areas at which we captured 
and tracked individuals. Bicknell’s thrushes are exhibit female-defense polygynadry, which 
means males and females both mate with multiple partners (Goetz et al. 2003). Consequently, 
home-ranges of individuals within the same social group greatly overlap. Each study site 
contains a cluster of three to six home-ranges (Figure 3.2), which represents a social group. 
‘Landscapes’ refer to the land contiguous to the non-harvested and harvested areas that was 
defined as available to Bicknell’s thrushes occurring at each respective study area (see 
“Development of Resource Selection Functions” below for definition of available habitat) 
(Figure 3.2). ‘Kibby’ refers specifically to the landscape contiguous to the harvested area that 
was defined as available for use by Bicknell’s thrushes that occupied the harvested area; this 
landscape is encompassed by Kibby and Skinner Townships, which are owned by Weyerhaeuser 
and intensively managed for timber. ‘Redington’ refers specifically to the landscape contiguous 
to the non-harvested area that is defined as available for use by Bicknell’s thrushes that occupied 
the non-harvested area on Redington Mountain. The ownership and management history of this 
landscape was not examined; however, harvesting is known to occur within the landscape on 
lands adjacent to SERE. 
The definitions of ‘level’ and ‘scale’ regarding habitat selection will follow those 
outlined by McGarigal et al. (2016). ‘Level’ therefore refers to the hierarchical spatial structure 
of the environment in which Bicknell’s thrushes select habitat. We investigated Bicknell’s thrush 
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habitat selection at two levels, the landscape level, and home-range level, and we therefore 
assume that Bicknell’s thrushes differentially select habitat across these levels. ‘Landscape level’ 
habitat selection is defined as the selection of an individual or social group’s home-range(s) 
within the landscape (considered equivalent to second order; Johnson, 1980). Home-range level 
habitat selection is defined as an individual’s habitat use within their home-range (considered 
equivalent to third order; Johnson 1980). For the purpose of this research, ‘home-range level’ 
habitat selection is defined as habitat use across all home-ranges within each respective study 
area (i.e. availability was constrained within the study area, not to each individual’s home-
range). ‘Scale’, as defined by McGarigal et al. (2016; page 1166), refers to “the grain of 
observation and extent of analysis” within each level. ‘Multi-scale’ refers to the consideration of 
explanatory covariates measured at more than one spatial scale as defined by varying buffer radii 
within a single level.  
‘Softwood’ refers to a forest composition in which more than 74 percent of the tree 
species maintain leaves all year and is considered equivalent to the National Land Cover 
(NLCD) category “evergreen forest” (Table 3.1). ‘Hardwood’ refers to a forest composition in 
which more than 74 percent of the tree species shed foliage simultaneously in response to 
seasonal change and is considered equivalent to the NLCD category “deciduous forest” (Table 
3.1). ‘Mixed’ refers to a forest composition in which neither hardwood nor softwood species are 
greater than 75 percent of total tree cover and is considered equivalent to the NLCD category 
“mixed forest”. 
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Capture and Tagging 
We captured Bicknell’s thrushes at dawn and dusk between June 2 and July 18 in 2018 
and 2019 using mist nets and conspecific playback. Upon capturing individuals, we fitted them 
with a uniquely numbered USGS aluminum leg band and up to three color bands for resight 
identification. We recorded morphometric data including mass (± 0.1 g), age (second year or 
after second year), sex, unflattened wing chord (± 1 mm), tarsus length (± 0.1 mm), and breeding 
condition (Pyle 1997). In 2018, captured individuals received a VHF radio-transmitter tag 
(Advanced Telemetry Systems, Inc., Isanti, MN; A2445; hereafter VHF tag) weighing 0.9 grams. 
VHF tags were affixed using a figure-eight leg-loop harness (Rappole & Tipton 1991) 
constructed out of thin jewelry beading elastic (0.5 mm diameter). In 2019, individuals in the 
harvested area received the same type of VHF tags and attachment as in 2018. Individuals in the 
non-harvested area received a combination archival GPS and VHF radio-transmitter tag (Lotek 
Figure 3.2. Definitions of landscapes, study areas, and study sites. Redington (a) and Kibby (b) 
landscapes, Franklin County, Maine. Black boxes indicate study areas, or the portion of the U.S. 
Navy SERE site (a) and Weyerhaeuser land (b) that encompass tracked Bicknell’s thrushes. 
Black circles represent study sites where we captured and tracked Bicknell’s thrushes in 2018 
and/or 2019. Each study site includes three to six individual home-ranges.  
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Wireless, Newmarket, ON; PinPoint 10 GPS store on board tag + PicoPip Ag379; hereafter 
GPS+VHF tag) weighing 1.5 grams. We attached these tags to the sheaths of trimmed feathers 
on the birds’ backs with cyanoacrylate glue. 
Tracking 
We tracked tagged birds using an R-1000 telemetry receiver (Communications 
Specialists Inc., Orange, CA) or a Biotracker (Lotek Wireless, Newmarket, ON) paired with a 
traditional 3-element Yagi antenna. In 2018, we tracked individuals every one to seven days. 
Due to SERE training in the non-harvested area, access to the sites was limited to every other 
week, which constrained tracking schedules in both study areas. We tracked individuals for up to 
two consecutive hours with locations taken every five minutes. Individuals were occasionally 
tracked more than once a day, and all individuals were tracked at dawn, dusk, and midday to 
account for temporal differences in habitat use. To lessen the behavioral impact of tracking, we 
primarily relocated birds using triangulation (White & Garrott 1990). This was achieved with 
three to four people communicating with radios to ensure simultaneous bearings were taken. 
During each triangulation, we recorded a GPS location, waypoint ID, bearing, time, and 
transmitter frequency. We calculated location estimates from triangulations using the LOAS 
software version 4.0 (Ecological Software Solutions, USA). If an individual was successfully 
identified by color bands in the field, then we recorded a homing location.  
In 2019, we tracked birds in the harvested area every one to three days. We tracked 
individuals according to the same protocol used in 2018. In the non-harvested area, we fitted 
individuals with the GPS+VHF tags, which we programmed to take six locations per day. 
Locations were scheduled throughout daylight hours with one taken overnight. This ensured that 
we would account for temporal differences in habitat use. The VHF component of the GPS+VHF 
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tags was only used to relocate individuals for recapture and tag removal or to locate tags once 
they detached; therefore, only GPS locations were obtained from the GPS+VHF tags.  
Home-range Analysis 
We calculated 95% home-range area point estimates with upper and lower confidence 
intervals (95%) for each individual using an optimally weighted autocorrelated kernel density 
estimator (AKDEc) using the package ctmm in Program R (Calabrese & Fleming 2016, Fleming 
& Calabrese 2019). This framework accounts for temporal autocorrelation, small effective 
sample sizes, and irregular sampling in home-range estimation (Fleming & Calabrese 2017 
Fleming et al. 2018). With the exception of nesting females, we included all locations for each 
individual with an error estimate less than 2500 m2 from LOAS in their home-range estimation. 
This threshold was largely arbitrary and was chosen based on visualizing a histogram of the area 
of the errors and choosing a threshold that balanced keeping as much data as possible with 
minimizing the error associated with locations. We included only one nest location (for each 
individual nest) in the home-range estimation for each nesting female to avoid nest location 
biasing the overall home-range estimate. This resulted in home-range estimates based on 31 to 
83 locations per individual with the exception of one individual who was relocated only 20 
times.  
Development of Habitat Covariates  
We used 13 habitat covariates derived from remote sensing by us or other researchers or 
organizations for inclusion in the analysis of habitat selection by Bicknell’s thrush (Table 3.1). 
These covariates included elevation, canopy height, canopy cover at four heights, relative 
number of small trees 2.54 to 10 cm diameter at breast height (dbh; rel. no. sm. trees), number of 
trees 10 cm dbh and greater, the number or years since the last disturbance, the spectral 
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magnitude of the most recent disturbance, and the proportion of softwood forest, hardwood 
forest, and mixed forest.  
 Airborne LiDAR data were acquired from two sources. The Western Maine LiDAR was 
flown by Quantum Spatial in Spring of 2016 in leaf-off conditions at a pulse density of ~5pls/m2 
and had a mean vertical error of 6 cm (Maine 2016 QL2 LiDAR; Quantum Spatial 2016). The 
Umbagog LiDAR was flown by Quantum Spatial in the Fall to Spring of 2016 in leaf-off and no 
snow conditions at a pulse density of ~5pls/m2 and had a mean vertical error of 10 cm (New 
Hampshire 2016 LiDAR; Quantum Spatial 2019). Both datasets adhered to USGS quality level-2 
standards.  
 We generated the 0.35 m spatial resolution digital elevation (DEM; Table 3.1) and digital 
surface (DSM; Table 3.1) models, where the former provides height at ground level, and the 
latter provides the maximum surface height (e.g. ground + forest canopy), by gridding the 
LiDAR point clouds. We produced a canopy height model (CHM; Table 3.1) by subtracting the 
DEM from the DSM. Next, we produced rasters quantifying percent canopy cover at four heights 
(1.5, 2, 2.5, and 3 m; Table 3.1) from the CHM by creating binary rasters for each height cut-off 
(CHM ≥ cut-off =1, CHM < cut-off = 0), and then aggregating each raster to 6 m using the mean. 
Values below 1 m were set to “Null” in the final CHM used in analysis. Prior to analysis we 
resampled the DEM and CHM layers to lower resolutions (larger cell sizes; 10m and 1m 
respectively) using covariate-specific cell sizes (Table 3.1). This step was taken to improve 
processing time.   
 The small tree and large tree count covariates were generated using separate models for 
analyzing the LiDAR data. The number of trees greater than 10 cm dbh (lg_t; Table 3.1) was 
modeled from LiDAR utilizing three-dimensional convoluted neural networks (CNN) using 
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methods described by Ayrey & Hayes (2018), which produced a RMSE = 2.78. The model to 
generate predictions of the relative number of small trees 2.54 cm to 10 cm dbh (sm_t; Table 3.1) 
incorporated satellite spectral, phenological, and disturbance data, along with other products 
including biomass, mean tree height, quadratic mean diameter, and percent softwood using 
‘randomForest’ in Program R (Liaw & Wiener 2002; E. Ayrey, personal communication, August 
19, 2019). The training data for the small tree model were obtained from U.S. Forest Service 
Forest Inventory and Analysis (FIA) plots. Relative number of small trees ranged from 0 to 43 
trees/10m2 and should not be interpreted to represent an actual count of trees on the ground. 
Table 3.1. Description, resolution, and source of habitat covariates. Each covariate was 
considered for analysis of habitat selection by Bicknell's thrush in 2018 and 2019, Franklin 
County, Maine.  
Covariate Description Resolution Source 
DEM10 Digital Elevation Model 10 m Generated from LiDAR 
CHM Canopy Height Model 1 m Generated from LiDAR (DSM-DEM) 
Can1.5 Canopy cover at 1.5 m 6 m Generated from CHM 
Can2 Canopy cover at 2 m 6 m Generated from CHM 
Can2.5 Canopy cover at 2.5 m 6 m Generated from CHM 
Can3 Canopy cover at 3 m 6 m Generated from CHM 
sm_t 
Relative number of small trees 2.54 to 10 
cm dbh (ranges from 0-43 stems/10m2) 
10 m 
Modeled by Elias Ayrey using small 
stem training data from USFS FIA (<10 
cm dbh) 
lg_t Number of trees >10 cm dbh 10 m Ayrey & Hayes 2018 
YSD Years since disturbance (up to 30 years) 26 m Kilbride 2018 
MAG Spectral magnitude of disturbance 26 m Kilbride 2018 
sw 
Softwood/Evergreen forest. More than 
74% of the tree species maintain leaves 
all year 
30 m 
National Land Cover Data (2016), 
Natural Resources Canada Land Cover 
Data (2015) 
hw 
Hardwood/Deciduous forest. More than 
74% of tree species shed foliage 
simultaneously in response to seasonal 
change 
30 m 
National Land Cover Data (2016), 
Natural Resources Canada Land Cover 
Data (2015) 
mx 
Neither hardwood nor softwood species 
are greater than 75% of total tree cover 
30 m 
National Land Cover Data (2016), 
Natural Resources Canada Land Cover 
Data (2015) 
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Since we cannot interpret relative number of trees as an actual count of trees on the 
ground, we classified the relative number of trees according percent canopy stocking as 
measured for Weyerhaeuser’s inventory. To classify relative number of small trees by canopy 
stocking classes, we compared the average values from the sm_t raster to Weyerhaeuser stand 
stocking classifications in the harvested landscape. We selected stands that were classified as two 
product classes regeneration (1: less than 4.57 m tall) or sapling (2: 4.57 m to 8.84 m tall) and 
separated these by canopy stocking (A: > 90%, B: 70-90%, C: 40-70%, D: 20-40%, E, < 20 %). 
We calculated the average values for relative number of small trees from the sm_t raster for each 
canopy stocking class used by Weyerhaeuser (Table 3.2). Finally, we assigned ranges of relative 
densities of small trees to a percent canopy stocking category (Table 3.2). 
Table 3.2. Classification of relative number of small trees based on Weyerhaeuser inventory 
data. Data includes product classes 1 (less than 4.57 m tall) and 2 (4.57 m to 8.84 m tall) across 
all canopy stocking classes in the harvested study area, Franklin County, Maine.  
Canopy 
Stocking 
Class 
% Canopy 
Stocking 
Average Relative Number of 
Small Trees/10m2 
SD 
Relative Number of 
Small Trees/10m2 
A > 90 11.13 5.27 > 10 
B 70 – 90 11.45 5.64 > 10 
C 40 – 70 9.03 3.98 9 – 10 
D 20 – 40 6.13 2.96 6 – 9 
E < 20 5.85 2.18 0 – 6 
 
 The 30 m covariate layers representing the number of years since disturbance and 
spectral magnitude of the most recent disturbance (YSD and MAG respectively; Table 3.1) were 
extracted from existing satellite-based forest change detection data products (Kilbride 2018).  
These products were generated based on an analysis of the Landsat data archive from 1985 to 
2017 using a time-series segmentation algorithm and a stacked generalization classification 
approach.  
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To classify forest composition, we used a combination of the 2016 National Land Cover 
Data (NLCD), Weyerhaeuser’s 2012 forest inventory data, 2015 Natural Resources Canada Land 
Cover data, and Google Earth imagery from 2007 to 2018. Although NLCD was the primary 
data source, many of the forest stands in the Kibby landscape were classified by NLCD as 
shrub/scrub indicating “trees in an early successional stage or trees stunted from environmental 
conditions”. This was problematic because many of the forested areas available to Bicknell’s 
thrush had no assigned forest composition (i.e. softwood, hardwood, or mixed). To remedy this, 
we reclassified all the shrub/scrub to the appropriate forest composition at both sites. We first 
used the sm_t and lg_t rasters layers to determine if the area was forested, then used 
Weyerhaeuser’s inventory and/or visual inspection of satellite photography using Google Earth 
to categorize the area as hardwood, softwood, or mixed forest according to NLCD definitions 
(Table 3.1).  
Weyerhaeuser’s inventory category definitions closely matched those of NLCD, so we 
did not make any adjustments. If an area was not forested, we classified it according to NLCD 
categories (barren, water, herbaceous, developed, etc.). For tree composition within the 
Redington landscape, we used Google Earth imagery to reclassify shrub/scrub. Since part of the 
Kibby landscape was adjacent to Quebec, the tree composition map needed to be appended using 
data available for Canada to allow for scale optimization to extend beyond the spatial scale of 
NLCD (see “Scale Optimization” below). To append NLCD in Quebec, we reclassified the 
Natural Resources Canada Land Cover data to match NLCD categories and merged the two 
datasets. The final tree composition maps were generated by creating binary rasters for softwood 
(e.g. softwood = 1, not softwood = 0), hardwood, and mixed forest. Rasters quantifying number 
of trees greater than 10 cm dbh and relative number of small trees below 10 cm dbh were 
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updated to reflect harvests and precommercial thinning operations that occurred within the Kibby 
landscape after the LiDAR was flown (2016 to 2019).  
Development of Resource Selection Functions 
 We evaluated habitat selection using RSFs in a used versus available framework, which 
generally followed Protocol SP-A (Manly et. al. 2002) where the data included in our analysis 
included randomly generated available points and used points determined by VHF/GPS 
telemetry. We only included points that were at least 5 minutes apart for each individual in RSFs. 
We recognize that the data exhibit temporal autocorrelation, however 5 minutes is more than 
enough time for an individual thrush to cross its home-range, thus ensuring biological 
independence and relevance. Further, areas with highly temporally autocorrelated observations 
will often occur in areas of higher use, which could be due to the presence of important habitat 
characteristics (Solla, Bonduriansky, & Brooks 1999). We also excluded used points with an 
estimated error larger than 2500 m2 (as estimated by LOAS) from RSF analyses.  
Landscape Level Resource Selection Functions.  We defined the final landscape availability as 
forested areas classified as mixed or softwood forest (Table 3.1) occurring in the contiguous area 
above 720 m elevation at each study area resulting in a total available landscape of 119 km2 at 
Redington and 116 km2 at Kibby. Availability at the landscape level was measured separately 
within Kibby and Redington landscapes (Design II; Manly et. al. 2002). To accomplish this, we 
generated random available points within the defined landscapes with a ratio of 10 available 
points to 1 used point for each individual tracked within the corresponding study area. We 
defined availability at this level as the contiguous area above 720 m elevation, which was the 
lowest elevation of use that we observed (buffered for location error) across all individuals. We 
further constrained landscape level availability by tree density and forest composition. To 
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classify areas with no to very low densities of trees, we summed the sm_t and lg_t rasters to 
generate a raster quantifying the density of all trees. Since the sm_t raster can only be interpreted 
as a relative measure of the number of small trees (Table 3.1), we could not assume that zeros 
meant there were no trees. To determine a value that represents zero to very low densities of 
trees, we calculated the average value from the raster quantifying the density of all trees at the 
stand level based on areas that were that known to have been recently clearcut or barren of trees 
from ground surveys.  We excluded values that fell below this calculated average from the 
available landscapes. We also removed the following categories as defined by the NLCD from 
availability: open water, developed areas (including some roads, wind turbine pads, and 
substations), barren land, herbaceous, wetlands, and deciduous forests. Some use points occurred 
in individual pixels of hardwood occurring within softwood or mixed stands, which might 
suggest that hardwood should have been included in availability, however given the species is 
recognized as a conifer specialist it seemed biologically appropriate to remove all hardwood 
from availability. Further, we believe that avoidance of hardwoods occurs at a level of selection 
higher than we considered (i.e. first order, Johnson 1980). Occurrence of use points in individual 
hardwood pixels were still accounted for by inclusion in the covariate quantifying proportion of 
hardwood (Table 3.1). We included mixed forests in the availability regardless of the proportion 
of hardwood and softwood since it was not possible to determine dominance of either hardwood 
or softwood from the NLCD. Additionally, observations that we made in the field confirmed that 
Bicknell’s thrushes will use areas adjacent to softwood stands with a high proportion of 
hardwood if softwoods were present in the overall composition.  
Home-range Level Resource Selection Functions. We measured home-range level habitat 
availability at the population level within the harvested and non-harvested study area (Design II; 
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Manly et. al. 2002). We defined availability at the home-range level as the upper 95% confidence 
interval of each individual home-range estimate within each study area. We did not remove any 
land area regardless of the covariate (e.g. hardwood was not removed) at the home-range level; 
as such, the entire area of all home-ranges within each study area was available to use regardless 
of the presence of trees or forest composition.  
Scale Optimization. We evaluated habitat selection at covariate-specific scales within the 
landscape level. To achieve this, we optimized the scale at which each covariate was evaluated 
by generating competing univariate models of each covariate at multiple scales and used 
Akaike’s Information Criterion corrected for low sample size (AICc) to assess support for each 
extent (Burnham & Anderson 2002). We constrained the scale for each covariate by the 
maximum allowable telemetry error on the lower end (30 m radius buffer). We constrained the 
upper scale extent to a 1000 m radius for each covariate to avoid including too much of the 
surrounding area below 720 m elevation because we did not want to include areas outside of our 
defined landscape level availability. 
Results from the scale optimization analysis found that the scale that best reflected 
Bicknell’s thrush habitat selection differed among habitat covariates at the landscape level (Table 
3.3). Scales ranged from 30 m (relative number of small trees) to 1000 m (proportion of 
hardwood, softwood, and mixed forest).  
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Table 3.3. Optimized scale (buffer radius in m) for each habitat covariate considered in 
landscape level habitat selection by Bicknell's thrush. Scale optimization was based on combined 
data from Kibby and Redington. 
Covariate 
Optimized Buffer 
Radius (m) 
Canopy cover at 1.5 m 155 
Canopy cover at 2 m 145 
Canopy cover at 2.5 m 135 
Canopy cover at 3 m 135 
Magnitude of disturbance 100 
Years since last disturbance 125 
Proportion of softwood 1000 
Proportion of hardwood 1000 
Proportion of mixed forest 1000 
Elevation (m) 500 
Rel. number sm trees (2.54 to 10 cm dbh) 30 
Number of trees (> 10 cm dbh) 135 
Canopy height (m) 135 
 
While we initially considered scale optimization at the home-range level following the 
same approach described at the landscape level, we choose to consider all covariates at the 
home-range level at 30 m. All of the covariates except relative number of small trees (sm_t; 
Table 3.1) optimized at scales > 150 m, which resulted in a substantial loss of variation given the 
average size of an individual home-range (21.06 ha). We choose 30 m because this was the 
smallest possible buffer size given our telemetry error. We used the mean value within a 30 m 
buffer for each covariate in models. 
Model Development. Prior to generating models, we assessed the correlation between covariates 
at both the landscape and home-range level using Pearson’s correlation coefficient. Any 
covariates that were highly correlated (Pearson’s coefficient ≥ |0.7|) were not considered in the 
same model. We chose the correlation coefficient threshold of |0.7| as this is generally considered 
to be the upper limit of strong correlation. We developed RSFs in a generalized linear mixed 
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model (GLMM) for landscape level habitat selection at Kibby and Redington combined, and for 
home-range level habitat selection within the harvested and non-harvested areas. Models took 
the form of logistic regressions with random slopes for individual birds to account for inter-
individual heterogeneity (Breslow & Clayton 1993; Muff, Signer & Fieberg 2019). We 
developed home-range level models separately for each study area in order to make comparisons 
of habitat use between the harvested and non-harvested area. This approach resulted in three 
model sets. Within each set, we first generated univariate models for each covariate and ranked 
these models using AICc. We then considered the 85% confidence intervals for each model 
parameter and excluded any covariate from subsequent models if the confidence intervals 
included zero (Arnold 2010). We selected the univariate model best supported by the data within 
each model set, i.e., the model with the lowest AICc value, and combined this covariate with all 
other possible covariates to create new sets of 2-covariate models. We then considered the 85% 
confidence intervals for each parameter of each model to identify uninformative parameters 
(Arnold 2010, Leroux 2019). We ranked all univariate and 2-covariate models within each model 
set using AICc and considered the top model and any competing models (within 2 delta AICc). If 
any 2-covariate models were competitive we considered 3-covariate models, if not, we 
considered the top ranked 2-covariate model to be the final model within that set. We also 
considered quadratic forms of covariates where appropriate based on a priori predictions. If the 
quadratic form of a covariate ranked higher than the linear form using AICc, then the quadratic 
form was used in subsequent models. Additionally, we interpreted the beta coefficients of any 
univariate models of parameters that were not included in the final model and did not include 
zero in its 85% confidence intervals. Finally, we assessed spatial autocorrelation of all final 
models using Moran’s I (Gittleman & Kot 1990). 
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 Elevation was not considered in home-range level models as this was decided a priori to 
be a landscape level habitat covariate, and because there was limited variability within individual 
home-ranges. The average range of used elevations within the harvested study area was 54.32 m 
(SE ± 7.45), and 144.37 m (SE ± 14.75) in the non-harvested area. While there is a considerable 
difference between the average range of elevations used by individuals within the harvested and 
non-harvested area, this is the result of the differences within the landscapes and not the home-
ranges. As a result of only tracking birds in lower elevation habitat in the harvested area, home-
ranges occurred in terrain with a lower slope relative to the terrain in the non-harvested area. 
Thus, any marked difference in elevation within the home-ranges is a result of the occurrence of 
the study area within the landscape and the location of our study sites with the study area. 
Therefore, variation in slope of the home-ranges was a product of the landscape context of each 
study site, which further supports our a priori decision to consider elevation as a landscape level 
covariate.  
Results 
Tracking and Home-ranges 
We tagged 13 birds with VHF tags in 2018. Of these, we obtained at least 30 locations 
from 11 individuals (8 male, 3 female; 6 in the harvested area and 5 in the non-harvested area). 
In 2019, we tagged thirteen birds with VHF tags in the harvested area, nine of which we obtained 
at least 30 locations for (all male). We tagged nine birds with GPS+VHF tags in the non-
harvested area, seven of whose tags we successfully retrieved with at least 30 points collected 
(all male). Individuals we were unable to track either disappeared from the study area, moved to 
an area we could not access due to mountainous terrain, had malfunctioning VHF tags, or their 
GPS+VHF tag detached too soon.  
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We estimated 12 home-ranges for 9 birds in the non-harvested area (three individuals 
were tracked in 2018 and 2019). Individuals with VHF tags included in analyses were tracked for 
an average of 34 days, with locations taken every 9 days on an average. Individuals with 
GPS+VHF tags included in analyses were tracked for an average of 13 days with points taken 
every day. Home-ranges in the non-harvested area ranged from 4.74 ha to 123.17 ha with an 
average of 28.53 ha (SE ± 9.32). The average home-range size varied based on the tag type with 
an average of 14.37 ha (SE ± 2.82) for birds tracked with VHF and 40.19 ha (SE ± 14.73) for 
birds tracked with GPS+VHF. The 15 home-ranges in the harvested area ranged from 2.4 ha to 
53.46 ha with an average size of 15.08 ha (SE ± 3.73).  
Social groups (birds tracked within the same study site) used a cumulative average of 
73.78 ha (SE ± 19.59). Social groups used an average area of 53.97 ha (SE ± 26.23) in the 
harvested area and 103.50 (SE ± 17.35) in the non-harvested area.  The smallest average area 
used by a social group occurred in the harvested area and was 20.16 ha.  
Correlations 
 Canopy cover estimates at 1.5, 2, 2.5, and 3 m above ground level were highly correlated 
with the canopy height model at the landscape and home-range level (Pearson’s coefficient = 
0.72 – 0.79). Given the high correlation and that canopy cover estimates were derived from the 
canopy height model, we chose to exclude canopy cover estimates in further analyses. 
Additionally, the spectral magnitude of disturbance covariate was highly correlated with canopy 
height at both the landscape and home-range level (Pearson’s coefficient = 0.78); this combined 
with potential interpretation and/or replication difficulties led us to choose to exclude this 
covariate from subsequent analyses.  
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Landscape Level Resource Selection Functions  
We compared 1,226 used locations from both study areas area to 12,260 available 
locations within the Kibby and Redington landscapes. Of the 13 univariate models, the quadratic 
form of canopy height ranked highest among univariate models with no competing models (β = 
0.27, 85% CI = 0.21 to 0.33; Table 3.4).  
Table 3.4. AICc table for univariate landscape level models. Model selection results for habitat 
selection by Bicknell’s thrush in Franklin County, Maine. Delta AICc is the difference in AICc 
from the top model, Wi is the model weight, K is the number of model parameters. All models 
included a random slope for individuals for each model parameter (excluding quadratic forms).  
Model ∆AICc Wi K 
Canopy height + Canopy height2 0.00 1.00 4 
Canopy height 36.13 0.00 3 
Number of trees >10 cm dbh 222.95 0.00 3 
Proportion of hardwood 1684.70 0.00 3 
Years since dist + Years since dist2 1760.43 0.00 4 
Elevation + Elevation2 1761.32 0.00 4 
Rel. number sm trees + Rel. number sm trees2 2065.92 0.00 4 
Years since disturbance* 2124.75 0.00 3 
Rel. number sm trees 2184.90 0.00 3 
Proportion of mixed forest 2260.61 0.00 3 
Elevation* 2331.37 0.00 3 
Proportion of softwood 2659.01 0.00 3 
Intercept only 2938.84 0.00 2 
*Indicates 85% CIs include zero. 
The model including quadratic form of canopy height and the linear form of proportion of 
hardwood ranked higher than other 2-covariate and univariate models, however the 85% 
confidence intervals for the quadratic parameter of canopy height included zero. Consequently, 
we included a model of the linear form of canopy height and the linear form of proportion of 
hardwood, which ranked higher than all univariate models and other 2-covariate models (Table 
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3.5). The number of trees greater than 10 cm dbh was not combined in a model with canopy 
height as they were too highly correlated (Pearson’s coefficient = 0.85).  
Table 3.5. AICc table for 2-covariate landscape level models. Model selection results for habitat 
selection by Bicknell’s thrush in Franklin County, Maine. Delta AICc is the difference in AICc 
from the top model, Wi is the model weight, K is the number of model parameters. All models 
included a random slope for individuals for each model parameter (excluding quadratic forms).  
Model ∆AICc Wi K 
Can height + Proportion of hardwood  0.00 0.73 5 
Can height + Can height2* + Proportion of hardwood 1.99 0.27 6 
Can height + Can height2 + Elev + Elev2 12.12 0.01 7 
Can height + Can height2 + Proportion of mixed forest 144.99 0.00 6 
Can height + Can height2 + Rel. no. sm. trees + Rel. no. sm. trees2 233.06 0.00 7 
Can height + Can height2 + Rel. no. sm. trees 388.57 0.00 6 
Can height + Can height2 + Proportion of softwood 484.39 0.00 6 
*Indicates 85% CIs include zero. 
All univariate models ranked below 2-covariate models. Largest ∆AICc = 3342.27. 
 
Bicknell’s thrush habitat use at the landscape level was best explained by the linear forms 
of canopy height and the proportion of hardwood forest (Table 3.6). The likelihood of use by 
Bicknell’s thrush decreased with increasing canopy heights (Figure 3.3a) and increasing 
proportion of hardwood (Figure 3.3b). In addition to our final model, six univariate models for 
landscape level habitat selection were informative and suggested a negative quadratic 
relationship with elevation (β = -1.26, 85% CI = -1.36 to -1.15; RSF max at 863 m) avoidance of 
increasing numbers of trees greater than 10 cm dbh  (β = -1.97, 85% CI = -2.04 to -1.90), a 
negative quadratic relationship with years since disturbance (β = -0.64, 85% CI = -0.70 to -0.58; 
RSF max at 25.11 years), avoidance of increasing proportion of mixed forests (β = -0.89, 85% CI 
= -1.21 to -0.56), selection for increasing proportion of softwoods (β = 0.57, 85% CI = 0.47 to 
0.67),  and a negative quadratic relationship with relative number of small trees (β = -0.31, 85% 
CI = -0.35 to -0.26; RSF max at 38.31 trees/10m2). The final landscape level model exhibited 
residual spatial autocorrelation. 
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Table 3.6. Coefficients from landscape level final model. Parameter estimates with 85% 
confidence intervals (LCL and UCL) from the final model. This analysis compares locations 
used by tagged Bicknell's thrushes at both study areas to locations available within the Kibby and 
Redington landscapes in Franklin County, Maine.  
 
Parameter Estimate LCL UCL 
Intercept  -5.23 -5.42 -5.02 
Canopy height -2.03 -2.24 -1.82 
Proportion of hardwood -3.03 -3.61 -2.45 
 
 
Figure 3.3. Resource selection functions with 85% CIs for Bicknell's thrush habitat selection at 
the landscape level. a) Relative selection of canopy height compared to landscape level resource 
availability within Kibby and Redington landscapes. b) Relative selection of proportion of 
hardwood forest compared to landscape level resource availability within Kibby and Redington 
landscapes.  
Home-range Level Resource Selection Functions  
We compared 612 used locations to 6,120 available locations within home-ranges at the 
harvested area. Of the 11 univariate models, relative number of small trees was the top ranked 
model (β = 0.43, 85% CI = 0.26 to 0.61; Table 3.7). The quadratic form of relative number of 
small trees was within 2 delta AICc; however, the quadratic parameter 85% confidence intervals 
included zero therefore this parameter was not considered further. The proportion of hardwood 
parameter 85% confidence intervals also included zero and was not considered in subsequent 
models.  
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Table 3.7. AICc table for univariate home-range level models in the harvested area. Model 
selection results for Bicknell’s thrush habitat selection in the harvested area, Franklin County, 
Maine. Delta AICc is the difference in AICc from the top model, Wi is the model weight, K is 
the number of model parameters. All models included a random slope for individuals for each 
model parameter (excluding quadratic forms).  
Model ∆AICc Wi K 
Relative number of small trees 0.00 0.54 3 
Rel. no. sm. trees + Rel. no. sm. trees2* 0.33 0.46 4 
Canopy height + Canopy height2 32.11 0.00 4 
Canopy height 41.98 0.00 3 
Number of trees >10 cm dbh 42.11 0.00 3 
Proportion of softwood 49.81 0.00 3 
Years since dist* + Years since dist2 54.90 0.00 4 
Proportion of mixed forest 64.11 0.00 3 
Years since disturbance 68.67 0.00 3 
Intercept only 72.52 0.00 2 
Proportion of hardwood* 74.48 0.00 3 
* Indicates 85% CIs include zero. 
 Relative number of small trees plus the quadratic form of canopy height was the top 
ranked 2-covariate model with no competing models (Table 3.8). 
Table 3.8. AICc table for 2-covariate home-range level models in the harvested area. Model 
selection results for Bicknell’s thrush habitat selection in the harvested area, Franklin County, 
Maine. Delta AICc is the difference in AICc from the top model, Wi is the model weight, K is 
the number of model parameters. All models included a random slope for individuals for each 
model parameter (excluding quadratic forms). *Indicates 85% CIs include zero. 
Model ∆AICc Wi K 
Rel. no. sm. trees + Canopy height + Canopy height2 0.00 1.00 6 
Rel. no. sm. trees + Canopy height 16.94 0.00 5 
Rel. no. sm. trees + Proportion of softwood 30.49 0.00 5 
Rel. no. sm. trees + Number of trees >10 cm dbh 30.93 0.00 5 
Rel. no. sm. trees + Proportion of mixed forest 41.87 0.00 5 
Rel. no. sm. trees + Years since dist* + Years since dist2* 49.28 0.00 6 
*Indicates 85% CIs include zero. 
All univariate models ranked below 2-covariate models. Largest ∆AICc = 125.32. 
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Habitat use at the home-range level in the harvested area is best explained by relative 
number of small trees and the quadratic form of canopy height (Table 3.9). The likelihood of use 
by Bicknell’s thrush decreases with increasing canopy height (Figure 3.4a) and increases with 
increasing relative number of small trees (Figure 3.4b). In addition to our final model, univariate 
models for home-range level habitat selection in the harvested area suggest avoidance of 
increasing numbers of trees >10 cm dbh (β = -0.27, 85% CI = -0.36 to -0.18), a negative 
quadratic relationship with years since disturbance (β = -0.22, 85% CI = -0.30 to -0.14, RSF max 
at 17.51 years), selection for increasing proportion of softwood forest (β = 0.27, 85% CI = 0.26 
to 0.61), and avoidance of increasing proportion of mixed forest (β = -0.20, 85% CI = -0.32 to -
0.08). The final home-range level model from the harvested area exhibited residual spatial 
autocorrelation. 
Table 3.9. Coefficients from harvested area home-range level final model. Parameter estimates 
with 85% CIs (LCL and UCL) from the final model. This analysis compares locations used by 
tagged Bicknell's thrushes to available locations within home-ranges at the harvested area in 
Franklin County, Maine. No parameter 85% CIs included zero.  
 
Parameter Estimate LCL UCL 
Intercept -2.77 -2.91 -2.63 
Relative number of small trees  0.76  0.37  1.14 
Canopy height -0.57 -0.76 -0.39 
Canopy height2  0.38  0.26  0.50 
 
 
 
54 
 
*Indicates 85% CIs include zero. 
 
Figure 3.4. Resource selection functions with 85% CIs for Bicknell's thrush habitat selection 
within home-ranges at the harvested area. a) Relative selection of canopy height (m) compared to 
home-range level resource availability at the harvested area. b) Relative selection of relative 
number of small trees compared to home-range level resource availability at the harvested area.  
We compared 613 used locations in the non-harvested area to 6,130 available locations 
within home-ranges in the non-harvested area. Of the 11 univariate models, the quadratic form of 
canopy height was the top ranked model with no competitive models (β = -0.48, 85% CI = -0.59 
to -0.37; Table 3.10). Proportion of softwood 85% parameter confidence intervals included zero, 
so this covariate was not considered in subsequent models.  
Table 3.10. AICc table for univariate home-range level models in the non-harvested area. Model 
selection results for Bicknell’s thrush habitat selection in the non-harvested area, Franklin 
County, Maine. Delta AICc is the difference in AICc from the top model, Wi is the model 
weight, K is the number of model parameters. All models included a random slope for 
individuals for each model parameter (excluding quadratic forms).  
Model ∆AICc Wi K 
Canopy height + Canopy height2 0.00 0.97 4 
Number of trees >10 cm dbh 6.72 0.03 3 
Canopy height 45.65 0.00 3 
Rel. no. sm. trees + Rel. no. sm. trees 2 131.86 0.00 4 
Proportion of softwood* 132.62 0.00 3 
Rel. no. sm. trees 134.72 0.00 3 
Proportion of mixed forest 144.56 0.00 3 
Years since dist + Years since dist2 165.46 0.00 4 
Years since disturbance 174.42 0.00 3 
Proportion of hardwood 187.22 0.00 3 
Intercept only 197.58 0.00 2 
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 The quadratic form of canopy height plus the quadratic form of relative number of small 
trees was the top ranked 2-covariate model with no competing models (Table 3.11). The final 
home-range level model for the harvested area exhibited residual spatial autocorrelation.  
Table 3.11. AICc table for 2-covariate home-range level models in the non-harvested area. 
Model selection results for Bicknell’s thrush habitat selection in the non-harvested area, Franklin 
County, Maine. Delta AICc is the difference in AICc from the top model, Wi is the model 
weight, K is the number of model parameters. All models included a random slope for 
individuals for each model parameter (excluding quadratic forms).  
Model ∆AICc Wi K 
Can ht + Can ht2 + Rel. no. sm. trees + Rel. no. sm. trees2 0.00 1.00 7 
Canopy height + Canopy height2 + Rel. no. sm. trees 61.91 0.00 6 
Canopy height + Canopy height2 + Prop mixed forest* 172.79 0.00 6 
Can ht + Can ht2 + Years since dist* + Years since dist2 183.32 0.00 7 
Canopy height + Canopy height2 + Prop hardwood* 194.09 0.00 6 
*Indicates 85% CIs include zero. 
All univariate models rank below 2-covariate models. Largest ∆AICc = 391.25. 
 
Habitat use at the home-range level in the non-harvested area is best explained by canopy 
height and relative number of small trees (Table 3.12). The likelihood of use by Bicknell’s thrush 
decreases with increasing canopy height (Figure 3.5a) and demonstrates a negative quadratic 
relationship with relative number of small trees (Figure 3.5b; RSF max at 17.86 trees/10m2). In 
addition to our final model, univariate models for home-range level habitat selection in the non-
harvested area suggest avoidance of increasing numbers of trees greater than 10 cm dbh (β = -
0.61, 85% CI = -0.87 to -0.35), selection for increasing proportion of mixed forest (β = 0.16, 
85% CI = 0.02 to 0.29), a negative quadratic relationship with years since disturbance (β = -0.19, 
85% CI = -0.29 to -0.10; RSF max at 28.73 years), and avoidance of increasing proportion of 
hardwood (β = -0.32, 85% CI = -0.54 to -0.10). The final home-range level model for the non-
harvested area exhibited residual spatial autocorrelation. 
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Table 3.12. Coefficients from non-harvested area home-range level final model. Parameter 
estimates with 85% CIs (LCL and UCL) from the final model. This analysis compares locations 
used by tagged Bicknell's thrushes to available locations within home-ranges in the non-
harvested area in Franklin County, Maine. No 85% parameter CIs include zero. 
 
Parameter Estimate LCL UCL 
Intercept -2.40 -2.58 -2.36 
Canopy height -1.18 -1.40 -0.97 
Canopy height2  0.15   0.02  0.28 
Relative number of small trees  1.28  1.14  1.41 
Relative number of small trees2 -0.35 -0.40 -0.30 
 
 
Figure 3.5. Resource selection functions with 85% CIs for Bicknell's thrush habitat selection 
within home-ranges in the non-harvested area. a) Relative selection of canopy height (m) 
compared to home-range level resource availability in the non-harvested area. b) Relative 
selection of relative number of small trees compared to home-range level resource availability in 
the non-harvested area.  
Comparisons of Habitat Availability 
 Figure 3.6 illustrates comparisons of the availability of each habitat covariate considered 
in models at the home-range level. Except for years since disturbance, availability of habitat 
covariates was similar between the harvested and non-harvested study areas. The average value 
of years since disturbance was 12.69 years higher in the non-harvested area than in the non-
harvested area.   
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Figure 3.6. Home-range level availability of each habitat covariate considered in RSFs of 
Bicknell’s thrush habitat selection in the harvested (H) and non-harvested (NH) areas in Franklin 
County, Maine. Dashed lines indicate the mean value for each area.  
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Discussion  
Home-ranges  
 Bicknell’s thrush home-range estimates were generally similar to previous studies. Aubry 
et al. (2011) reported an average home-range size of 19.81 ha (SE ± 1.70) for males, larger than 
our average of 14.37 (SE ± 2.82) for males tracked using VHF tags. Collins (2007) reported a 
smaller average of 11.99 (SE ± 2.74) for males, however all of their locations were obtained 
using the homing technique (White & Garrott 1990). Homing requires the observer to follow the 
bird and this technique generally leads to less spatial coverage than can be attained with 
triangulation, which may partially explain the discrepancy. Aubry et al. (2011) reported a much 
larger average of 13.90 ha (SE ± 2.36) for female home-ranges relative to our estimate of 4.57 ha 
(SE ± 1.19), however our average estimate was based on only three females and is therefore 
likely not representative. Collins (2007) reported an average home-range size of 5.43 (SE ± 1.11 
ha), but again this estimate was obtained from homing locations. Male home-ranges overlapped 
substantially, which was expected based upon the social structure of this species (Goetz et al. 
2003), and previous studies (Collins 2007, Aubry et al. 2011).  Of the three females tracked, two 
occurred in the same stand and their home-ranges partially overlapped with one another, but to a 
much lesser extent than observed in males.   
 In the harvested area, home-range size likely varies with stand size and the composition 
of stands adjacent to the focal stand. In two of the three stands in which we tracked Bicknell’s 
thrushes, individuals regularly incorporated areas of the adjacent stands into their home-ranges, 
however in the third stand, individuals were never observed outside of the focal stand. It is 
possible that the composition and structure of the unused adjacent stands was not suitable for 
Bicknell’s thrushes, which resulted in a smaller average home-range size in the third focal stand. 
Chisholm & Leonard (2008) found that Bicknell’s thrush abundance was positively related to the 
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evenness index of forest types in the habitat surrounding focal stands, and Frey et al. (2012) 
concluded that both the quality of the landscape and local habitat were important in determining 
occupancy. Our observations further support the importance of looking beyond the focal stand 
when evaluating habitat for Bicknell’s thrush, especially in harvested landscapes.  
Habitat Selection: Level of Inference 
Kibby and Redington landscapes were comparable regarding average years since 
disturbance (28.85 years and 29.96 years, respectively, and 74% and 79% of the total landscapes 
not disturbed in 33 plus years). This is primarily a consequence of the elevation constraint 
defining these two landscapes as very little harvesting is conducted at elevations above ~850 m. 
Since we could not consider the available landscapes harvested and non-harvested, we could not 
draw conclusions regarding the effects of harvesting on Bicknell’s thrush habitat availability 
when discussing landscape level habitat selection. Consequently, inferences made at the 
landscape level were about landscape level habitat selection by Bicknell’s thrush in Maine. 
When discussing home-range level habitat, however, we did make general comparisons between 
habitat availability and selection in the non-harvested and harvested areas as the home-ranges 
were encompassed entirely within these areas. Thus, we made general comparisons between 
home-range level habitat use by Bicknell’s thrush in Maine in a harvested and non-harvested 
area and discuss these results in the context of forest management in Maine.  
Spatial Autocorrelation  
 All final landscape and home-range level models exhibited residual spatial 
autocorrelation. We recognize and acknowledge that the presence of residual spatial 
autocorrelation violates the traditional statistical assumption of independence and may therefore 
have resulted in spurious conclusions and overfitted models (Fieberg et al. 2010). Additionally, 
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the significance of parameters may be overestimated as a consequence of not accounting for 
spatial autocorrelation in final models (Nielsen et al. 2002).  
Landscape Level Habitat Selection 
 Given Bicknell’s thrush occupancy is regularly and significantly associated with 
elevation (Aubry et al. 2018, Chisholm & Leonard 2008, Atwood et al. 1996, Hill & Lloyd 
2017), we were surprised that our final landscape level model did not include this as a parameter. 
However, since we constrained availability based on elevation, it is possible that selection for 
elevation occurs at a higher level of selection than we considered (e.g. first order selection 
(Johnson 1980). Additionally, Bicknell’s thrush has traditionally occurred in low elevation 
coastal habitat in parts of its breeding range, including possible accounts in Maine (Atwood et al. 
1996), where coastal conditions limit growing conditions of forests in a similar manner to high 
elevation conditions. These traditional occurrences, combined with our evidence of Bicknell’s 
thrushes in lower elevation young regenerating fir stands in Maine, suggests that it is not 
elevation that constrains Bicknell’s thrush occurrence, but the consequences of high elevations 
for forest structure characteristics. This is an important consideration for forest management, 
since it supports that where forest management practices can emulate high elevation forest 
characteristics, then we can successfully provide additional habitat for Bicknell’s thrush at 
traditionally lower elevations. As our final model at the landscape level demonstrated, these 
characteristics include lower proportions of hardwood forests, and shorter canopy heights 
compared to those naturally occurring at low elevations.  
We observed that Bicknell’s thrush selection of a home-range within the landscape is 
influenced by the proportion of hardwood forest. This could be the result of multiple factors. 
Given the available landscape was constrained by elevations above 720 m, the proportion of 
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hardwood and elevation were not as highly correlated (Pearson’s coefficient = -0.41) as they 
might be without this constraint (e.g. across the state or throughout Bicknell’s thrushes breeding 
range), which could suggest that avoidance of hardwood only occurs due to Bicknell’s thrushes 
selection for higher elevations. Alternatively, we could speculate about the order in which 
individuals make choices when selecting a home-range within the landscape. For example, are 
individuals selecting for elevations above 800 m first, and hardwood avoidance is merely a result 
of this choice due to correlation? Based on our observations, this seems unlikely given that 
Bicknell’s thrushes will use traditionally lower elevations below 800 m if suitable habitat is 
available, but continue to avoid hardwood forests within their home-ranges. This may suggest 
that Bicknell’s thrush habitat selection is driven by structural characteristics that hardwood 
forests are lacking.  
The structural differences between hardwood and softwood forests may be an especially 
important consideration for nest-site selection. If females select home-ranges based on available 
nesting habitat (McKinnon et al. 2014), it may be possible that females are driving overall 
habitat selection for the entire social group. Although Bicknell’s thrushes in the harvested area 
predominately used unthinned, regenerating fir-spruce stands, their use was also observed to 
expand beyond these stands into older, less dense mixed stands. In some cases, individuals were 
observed in mixed stands that were dominated by hardwoods, primarily paper birch, however a 
softwood component was always present and there was always an adjacent fir-spruce stand in 
which individuals spent most of their time. These observations support previous research 
demonstrating that Bicknell’s thrushes may use alternative habitats in addition to dense, conifer-
dominated stands (Connolly et al. 2002) including stands with a significant proportion of 
hardwood or mixed forest (Nixon et al. 2001, Oulette 1993). This may suggest that if female’s 
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have access to dense, unthinned nesting habitat, individuals may be more flexible when selecting 
for habitat than previously thought.  
We observed that when selecting a home-range within the landscape, Bicknell’s thrush 
habitat selection is influenced by canopy height. Bicknell’s thrushes avoided areas with 
increasing canopy heights, which is consistent with previous research demonstrating that the 
species is more likely to occur in stands 1.6 to 3 m (Lambert et al. 2017, Chisholm & Leonard 
2008, Nixon et al. 2001). While elevation and canopy height were not highly correlated, it is 
possible that the decreased likelihood of use of stands above 5.43 m tall is a result of the lack of 
trees of this size at higher elevations due to stunted growth and frequent windthrow (Rimmer et 
al. 2004). In forests managed for timber, trees above 5.43 m are generally absent from unthinned, 
regenerating fir stands, which would explain the decreased likelihood of use of this habitat 
characteristic at lower elevations in a harvested landscape. This further suggests that elevation in 
and of itself is not driving habitat selection by Bicknell’s thrush, but that it is the conditions 
associated with high elevation.  
Importantly, our results provide supporting evidence that Bicknell’s thrushes occur at 
lower elevations in young, regenerating fir stands in Maine as was speculated by Lambert et al. 
(2005) and as has been reported in the Canadian portion of the species range (Nixon 1999, 
Townsend et al. 2015). While Bicknell’s thrushes selected for elevations above 750 m at the 
landscape level, we observed individuals using habitat as low as 746 m in the harvested area.  
None of the used stands, however, were below 800 m elevation in their entirety. At Redington, 
our lowest observed use point was recorded by a GPS+VHF tag at 724 m, however, despite not 
having any reason to believe this point was any less accurate than other points included in 
analyses, it was an outlier. Although we reported a quadratic relationship with elevation with 
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increased likelihood of use above 750 m, it should be noted that the vertex of the RSF at 863 m 
should not be interpreted as a threshold for Bicknell’s thrush habitat use in Maine. Given the 
difficulties of successfully tracking individuals in mountainous terrain, we were unable to obtain 
sufficient data to evaluate habitat use at higher elevations in the harvested area.  
It is possible that lower elevation habitat generated by forestry practices may differ in 
quality compared to traditional habitat, and that individuals arriving earlier on the breeding 
grounds, or those of higher social status may occupy traditional higher elevation habitat first and 
displace socially inferior individuals and late arrivals into nearby lower quality, lower elevation 
habitat (Revilla and Palomares 2001, Sherry and Holmes 1989). Additionally, despite substantial 
survey efforts, we did not detect Bicknell’s thrushes in stands that were below 750 m in their 
entirety despite being structurally and compositionally similar to those in which we tracked 
individuals. It is possible, however, that as high elevation habitat declines with the changing 
climate, individuals may move into suitable forest stands below 750 m in harvested landscapes.  
Home-range Level Habitat Selection 
 In both the harvested and non-harvested areas, we observed that habitat selection within 
home-ranges is influenced by canopy height. The likelihood of use decreased with increasing 
canopy heights, which is consistent with previous studies (Nixon et al. 2001, Lambert et al. 
2017). In both areas, canopy height was highly positively correlated with the number of trees 
greater than 10 cm dbh (Pearson’s coefficient = 0.92 and 0.94), which Bicknell’s thrushes 
avoided at the landscape and home-range level. In the harvested area, shorter canopy heights are 
generally indicative of a young, regenerating stand, which Bicknell’s thrushes are associated 
with (Chisholm & Leonard 2008, Aubry et al. 2011). In the non-harvested area, shorter canopy 
heights are indicative of exposed talus slopes and higher elevation habitat where tree growth is 
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stunted and windthrow is frequent. Additionally, in the harvested area, canopy height is highly 
correlated with the number of years since disturbance (Pearson’s coefficient = 0.89), which is 
suggestive of Bicknell’s thrush selection for young, regenerating forests that are of appropriate 
height and density for precommercial thinning.  
In both the harvested and non-harvested areas, we observed that habitat selection within 
home-ranges is also influenced by the relative number of trees 2.54 to 10 cm dbh. In the 
harvested area, the likelihood of use increases with increasing relative number of small trees, 
which is consistent with previous studies (Chisholm & Leonard 2008, Connolly et al. 2002, 
Aubry et al. 2016, Lambert et al. 2017). Previous studies have demonstrated that in commercially 
managed forests, Bicknell’s thrush is most abundant in regenerating stands 11-13 years post 
clearcutting (Chisholm & Leonard 2008), however, in our harvested area Bicknell’s thrushes 
were observed in stands that were 13, 17, and 20 years post-harvest.  
In the non-harvested area, Bicknell’s thrush demonstrated a negative quadratic 
relationship with selection for relative number of small trees. The quadratic relationship can be 
explained by the availability of densities of small trees within each individual’s home-range 
relative to the observed use. There are substantial areas of open talus slopes within the non-
harvested area, and these slopes have much lower densities of trees relative to the surrounding 
areas available to individuals within home-ranges. Bicknell’s thrushes were frequently observed 
singing from individual trees or snags on the talus in areas of relatively low density of small 
trees, and our home-range estimates support incorporation of the talus within home-ranges. 
While there are patches of dense trees within the talus slopes, which individuals were observed 
using, these patches were not large enough to be quantified as high density given the resolution 
of the LiDAR data. As a result, there are numerous use points in locations that are quantified as 
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relatively low density of small trees, however they may in fact have been in a small dense patch 
of small trees. Given this consideration, it does not seem appropriate to interpret the quadratic 
relationship of relative probability of use with small tree density to mean that Bicknell’s thrush 
avoids relative densities of small trees greater than 17.86 stems per 10m2 in the non-harvested 
area.  
Bicknell’s thrush selection for high densities of stems below 10 cm dbh during the 
breeding season may be influenced by nest site selection (Aubry et al. 2011, McKinnon et al. 
2014). We observed nests in two of the three stands in the harvested area – one of which was 
successful and the other depredated – and we observed a female and fledglings in the third, 
which provides evidence of successful nesting attempts in commercially managed forests in 
Maine.  
Comparisons Between Harvested and Non-harvested Areas 
 Although our study was not designed to make statistical comparisons between the 
harvested and non-harvested areas, we can discuss generalities of observed differences in habitat 
availability and use between the two study areas. Except for years since disturbance, the average 
availability of habitat characteristics at the home-range level did not vary greatly between the 
harvested and non-harvested areas. The average number of years since disturbance at the home-
range level in the non-harvested area was more than 12 years greater than that observed in the 
harvested area. This is not surprising, as the years since disturbance was used in analysis as a 
proxy for management history, and there is no active timber management occurring at the home-
range level in the non-harvested landscape. Years since disturbance is the only habitat 
characteristic that varied greatly at the home-range level between these two areas, therefore we 
can surmise that forestry practices do create habitat conditions at lower elevations that emulate 
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traditional high elevation habitat for Bicknell’s thrush in Maine. Furthermore, this suggests that 
we cannot assume that forest stand characteristics such as stem density and dbh are always 
highly correlated with stand age when considering management recommendations.   
Our results suggest that selection and avoidance of habitat characteristics at the home-
range level is driven by similar habitat characteristics in both a harvested and non-harvested area. 
This further suggests that forestry practices in Maine are effectively generating suitable habitat 
for Bicknell’s thrush at elevations lower than those traditionally used. Additionally, different 
management approaches in traditional high elevation habitat versus in low elevation habitat 
created by forestry practices may not be necessary. A more formal experimental design with 
replication within harvested and non-harvested areas would be needed to account for 
confounding factors contributing to habitat use between years. 
LiDAR For Quantifying Habitat 
 While forest composition influences Bicknell’s thrush habitat selection at the landscape 
level, our results suggest habitat use within the home-range is better explained by forest structure 
than composition. We do not suggest that forest composition is not important at the home-range 
level since it is known that Bicknell’s thrush is a conifer specialist, and a hardwood-dominated 
stand will generally exhibit different structural characteristics than a softwood-dominated stand. 
However, we do suggest that it is important to look beyond forest composition when identifying 
and conserving habitat for Bicknell’s thrush in harvested landscapes. Our use of LiDAR for 
quantifying habitat for Bicknell’s thrush has demonstrated that forest structure characteristics can 
be quantified without the need for additional measurements in the field. This is especially 
important in unthinned, regenerating fir stands that can be otherwise difficult to quantify 
structurally. Given its ability to quantify forest structure, LiDAR offers the ability to better 
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identify stands that are likely to be used by Bicknell’s thrush. This type of information will aid 
forest managers in prioritizing forest stands for survey efforts and habitat conservation.  
Management Implications in Harvested Landscapes 
 The primary goal of managing for Bicknell’s thrush habitat in commercial forests should 
be to emulate the forest structure of high elevation habitat. Based on our results and observations 
we suggest the following guidelines for the management of low elevation fir forests in harvested 
landscapes in Maine:  
(1) Identify and maintain focal stands within the landscape. Focal stands are characterized 
by the following: 
a. Prioritize above 750 m and/or include areas up to at least 800 m elevation.  
b. At least 75 percent softwood, preferably balsam fir. 
c. Average canopy height of 1.6 to 5 m tall. 
d. Canopy stocking greater than 70 percent.  
e. Average dbh below 10 cm. 
f. Between 13 to 20 years post disturbance. 
g. At least 16 ha in size. 
(2) Prioritize focal stands adjacent to softwood dominated or mixed forest stands. Adjacent 
mixed forest stands should be at least 50 percent softwood with complex vertical 
structure. 
(3) Contiguous habitat (focal stand plus available adjacent stands) should be at least 25 ha. 
(4) We suggest maintaining snags or canopy trees to provide song perches. Though snags 
were not a variable included in this research, anecdotally we observed males singing 
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from snags and emergent canopy trees as documented in previous research (Connolly et 
al. 2002). 
(5) Postpone thinning of occupied stands as late into the breeding season as possible, 
preferably until mid-August. Additionally, leave patches of unthinned habitat where 
possible.  
(6) Employ LiDAR products to identify and prioritize forest stands for use by Bicknell’s 
thrush. Forest structure quantified using LiDAR will more accurately characterize 
available forest stands than stand age and composition alone.  
Bicknell’s thrush has one of the most restricted breeding ranges of any songbird in all 
North America (Lambert et al. 2005), and this range is likely to become narrower as a result of 
climate change (Rodenhouse et al. 2008). As temperatures continue to rise, and droughts become 
more regular, this species’ high elevation habitat is at risk of significant decline (Boulanger 
2017; Cadieux et al. 2019). Consequently, low elevation habitat created by commercial forestry 
practices will become increasingly important to the conservation of breeding habitat for this 
species of concern. While it is unlikely that habitat on the breeding grounds is currently limiting 
factor for this species (Aubry et al. 2018), it will become more critical to continue to manage and 
conserve breeding habitat in harvested landscapes as high elevation habitat availability declines.  
Future Needs 
In order to fully understand Bicknell’s thrush habitat use in harvested landscapes, 
experimentally designed investigation of the effects of precommercial thinning on habitat use is 
needed. Future research should be informed by an analysis considering various patch metrics 
using existing Bicknell’s thrush tracking data. From this information, future research should 
experimentally determine the optimal size and configuration of retained patches. Additionally, 
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breeding success and post-fledging habitat use of managed forests and the impacts of 
precommercial thinning in these landscapes need to be quantified. These measures of habitat 
quality should also be compared between high versus low elevation habitat in harvested 
landscapes. Use of GPS+VHF tags in this harvested landscape could provide insight into 
whether individuals occupying high elevation habitat disperse into lower elevation stands, or 
vice versa.  Furthermore, it will become increasingly critical to better understand the quality of 
low elevation habitat, especially regarding breeding success in managed forests, as this habitat 
may serve to compensate for high elevation habitat losses in the future. Finally, the most limiting 
factor impacting populations of this species is thought to be habitat loss on the wintering grounds 
(McFarland et al. 2013, FWS 2017), and while it essential that we continue to manage and 
conserve habitat on the breeding grounds, it is critical that we also understand and remediate 
threats to Bicknell’s thrush on the wintering grounds.  
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